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This study continued long-term limnological monitoring of Lake 
Mahinerangi, on which measurements have been made since 1965. Since 
this time, 35% of the catchment has been developed for agriculture. 
Light-optimal 14C photosynthetic (P-max) rates have increased 
approximately eight-fold since 1965. The lake is now mesotrophic. 
Long-term changes in percentage oxygen saturation and DRP 
concentrations are also consistent with eutrophication. Anabaena 
flos-aguae has been found in the lake since 1979-80. Melosira distans 
and ~ granulata, not previously seen in this lake, were commonly 
found throughout the present study period. Crustacean zooplankton 
abundance during winter has increased as have numbers of Daphnia 
carinata, the largest zooplankter. In spite of these changes, average 
chlorophyll ~ concentrations increased by only 50% and this increase 
was not statistically significant. No significant long-term reduction 
in Secchi disc transparency was evident perhaps because of the effects 
of cell size on light penetration in this lake. Commonly observed 
correlations between light attenuation, Secchi disc and chlorophyll ~ 
were reversed in Lake Mahinerangi. Even at the low chlorophyll levels 
found in this lake, seasonal fluctuations in phytoplankton cell size 
affected light attenuation and reduced self-shading effects at times of 
high biomass. 
Size fractionation studies indicated that netplankton contributed 
significantly to the overall form of the annual productivity curve. 
The nannoplankton contribution was seasonally more constant. Data 
collected from different basins indicated the presence of a slight 
>. 
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gradient of increasing trophy down Lake Mahinerangi. 
Routine laboratory 14C batch culture, ammonium enhancement and 
luxury uptake bioassays during 1981-82 revealed that the phytoplankton 
were primarily nitrogen limited for most of the year while phosphorus 
was most limiting during summer. Secondary limitation by either 
nutrient was rapidly attained, however; photosynthetic responses in 
batch culture experiments were much larger in the presence of both 
nutrients than when either nutrient was added alone. Two replicated, 5 
m3 in situ enclosure experiments were carried out to eliminate 
artifacts imposed by small volume laboratory incubations. Although 
both experiments were prematurely destroyed by wind, results were 
consistent with the routine assays. 
To calculate N and P loads to the lake, concentrations in twelve 
inflowing streams were monitored. Average concentrations were 
significantly correlated to percentage agricultural development in the 
seven major catchments. When export rates were calculated, only TP and 
N03-N were correlated with agricultural development. Load TN:TP ratios 
showed a highly significant decrease with agricultural development. 
Agricultural development, therefore, has not only increased the level 
of eutrophication, but has also shifted Lake Mahinerangi towards 
increasing nitrogen limitation. Baseflow concentrations of N and P 
forms were not highly correlated with flow rates in one stream, in 
which flow rates were continously monitored. 
Loads from two small agriculturally developed catchments were the 
highest found in this study. High losses of N and P, in particular 
N03-N, were found in two clearfelled exotic forest catchments compared 
to a forested one. , Export rates of dissolved N and P forms in this 
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study were low when compared to rates from other New Zealand catchments 
of similar land uses, but of differing geological origin. 
Past and present N and P loads to Lake Mahinerangi were estimated 
from stream concentration and export rates based on historical land 
development and hydrological data. TP loads have increased 
approximately four-fold since 1965, and TN by only SO%. Several 
empirical loading models, developed primarily on data from north 
temperate lakes, were tested on the Lake Mahinerangi data. Predictions 
from phosphorus retention and phosphorus loading models were generally 
in good agreement with observed TP retention and TP and DRP 
concentrations. Models aimed at predicting TN concentrations were less 
accurate when applied to Lake Mahinerangi. 
Nutrient-trophic state models were also tested for Lake 
Mahinerangi. The lack of change in long-term chlorophyll 
concentrations and a large contribution of phaeopigments to total 
chlorophyll values made estimations of chlorophyll from published 
TP-Chl a models difficult. However, at TN:TP < 15, TN appeared to be 
useful to predict corrected chlorophyll a both regionally and annually 
in this lake. Published models which predict zooplankton biomass in 
north temperate lakes greatly overestimated biomass in New Zealand 
lakes. Strong relationships between mean annual TN and TP 
concentrations and P-max were found for New Zealand lakes, and served 
as the basis for prediction of future trophic state in Lake Mahinerangi 
from estimated TP concentrations. P-max rates are expected to reach 
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GENERAL INTRODUCTION 
~~ increase in the supply of nutrients entering a lake will often 
result in higher production in that lake a process known as 
eutrophication (Hutchinson 1973). Such enrichment may greatly change 
the biological nature of a lake; changes that are often detrimental to 
the aesthetic qualities and to the existing uses of the waterbody, 
whether for water supply, power generationi recreation or other use. 
Human influence has accelerated this process via industrial, urban and 
agricultural development (Hasler 1947; Vallentyne 1974). 
Since the 1960's, it has become evident that nitrogen (N), and in 
particular phosphorus (P), are the two most important nutrients 
controlling the eutrophication process (Vollenweider 1968; Vallentyne 
1974). Increased inputs of N and P lead directly to increases and 
compositional changes in algal standing crops and this may in turn 
influence the composition and biomass of higher trophic levels (Nilssen 
1978; Ravera 1980). 
The body of literature concerning the effects of nitrogen and 
phosphorus on the eutrophication of lakes is large. Because of the 
large size of the systems studied, research into the eutrophication of 
lakes has generally been conducted on an observational level. 
Experimental research has mainly been confined to rare manipulations of 
whole lakes (e.g. Schindler 1975), and artificial enclosures (e.g. 
Goldman 1962; Hallet al. 1970; Lund and Reynolds 1982), or to smaller 
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volume laboratory experiments (e.g. Peterson et ~- 1974; TiL~an 
1976; Storch and Dietrich 1979; Lovstad 1984a) . The routine collection 
of physical, chemical and biological data on lakes of differing trophic 
status has nevertheless been useful in that it has led to the 
development of predictive models of trophic state based on empirical 
relationships between in-lake nutrient concentrations and trophic 
indices (e.g. Sakamoto 1966; Dillon and Rigler 1974b; Carlson 1977; 
Smith 1979, 1982; OECD 1982; Hanson and Peters 1984), and the 
prediction of in-lake N and P concentration from a consideration of 
loading rates and lake morphometry and hydrology (e.g. Vollenweider 
1969, 1976; Dillon and Rigler 1974a; Yeasted and Morel 1978; Bachmann 
1980; OECD 1982). Despite the large uncertainty associated with model 
predictions (Reckhow 1979a), empirical models have already proved 
valuable worldwide as tools for lake management. 
Long-term data series on single lakes have up until recently been 
rare. These studies are of particular value in establishing year to 
year variations and rates of change in a lake's trophic status, in 
determining the succession of aquatic organisms with changes in trophic 
status and for testing empirical relationships developed on data from 
numerous lakes (Smith and Shapiro 1981; Edmondson and Lehman 1981) . 
Lakes undergoing significant shifts in nutrient loading offer an 
alternative "experimental" approach to studying whole lake responses to 
N and P enrichment. However, many long-term studies are instigated at 
a late stage, often for the purposes of monitoring the recovery of an 
already eutrophic lake (e.g. Ahlgren 1978; Edmondson and Lehman 1981; 
Faafeng and Nilssen 1981) . Due to a greater potential influence from 
internal loading effects, it is possible that lakes undergoing recovery 
may respond in a more variable manner than lakes which are increasing 
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in trophic status. 
In New Zealand, agricultural land development and agricultural 
practices represent the greatest threat to inland water quality (Fish 
1969; White 1977). Approximately 80% {21.3 million hectares) of the 
total land area in this country is devoted to agricultural use 
(Department of Statistics 1985) . Phosphorus, in the form of 
superphosphate fertilizer, is heavily applied to most agricultural 
areas. Approximately 1.7 million tonnes of superphosphate are produced 
annually (Department of Statistics 1985) . Typically, clovers are sown 
to enhance nitrogen fixation but increasing amounts of N fertilizer are 
being applied following the establishment of a petrochemical based 
nitrogen fertilizer industry in this country. Although the rate of 
eutrophication of many New Zealand lakes has been less dramatic than 
expected, there are already several examples of lakes with excessive 
algal and higher plant growths as a result of runoff from agricultural 
land (Burns and Mitchell 1974; Hughes et al. 1974; Mitchell 1975a; 
McColl 1978a; Magadza 1979; Mitchell and Burns 1981; Ward et al. 
1985) . However, long-term data series are rare (exceptions being 
Rutherford 1984; Vincent et al. 1984a) and for many New Zealand lakes, 
existing data are generally inadequate to detect anything but major 
changes in trophic status (Vincent et al. 1984a). 
The evaluation of the effects of agriculturally developing 
uncleared land on downstream water bodies remains a high priority in 
this country (McColl and Hughes 1981) . It is unlikely, however, that 
nutrient export rates derived from runoff studies overseas will apply 
to New Zealand catchments (Hoare 1982). Studies on nutrient runoff 
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from catchments of differing land use indicate that pastoral catchments 
are likely to contribute high amounts of N and P to inland waters 
compared to catchments of native or exotic forest (Cooke 1979). So far 
the information derived from catchment studies in New Zealand is of 
little use for predictive lake management (McColl and Hughes 1981) . 
Due to a lack of adequate data, little is known on the 
applicability to New Zealand lakes of empirical models developed 
largely from data on northern temperate lakes (White 1983; Pridmore et 
al. 1985) . 
Knowledge of to what extent nitrogen and phosphorus limit algal 
growth is essential for lake management. While phosphorus is most 
often the primary nutrient limiting algal growth in lakes overseas 
(Schindler 1977), the relative status of phosphorus and nitrogen to 
algal growth in many New Zealand lakes 'is unclear (c.f. White 1983; 
Pridmore et al. 1985; White et ~- 1985). Little direct experimental 
information is available on nutrient limiting factors. Nutrient 
limitation studies have only been spasmodically applied to New Zealand 
lakes (Goldman 1964, 1972; Burnet and Wallace 1973; Mitchell 1975b; 
Mitchell and Burns 1981) . Only a few seasonal studies of nutrient 
limitation have been undertaken (White and Payne 1977, 1978; Vincent 
1981a; White et ~- 1985) . 
The catchment surrounding Lake Mahinerangi, a South Island 
reservoir, has undergone considerable agricultural development since 
the lake was first studied in 1964-66 by Mitchell (1971) . Further 
studies (Mitchell 1975b; Mitchell and Galland 1981) revealed that 
phytoplankton productivity had increased markedly as land development 
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was carried out. The eutrophication of this lake is of considerable 
importance because it may also affect water quality in downstream 
waterbodies, _namely Lakes Waipori and Waihola and the slow moving 
Waipori and Taieri Rivers. 
For a long-term study of the effects of agricultural land 
development on the limnology of a New Zealand lake, this lake is 
perhaps ideally suited for several reasons: First, limnological 
studies were made on the lake before it was affected by land 
development (Mitchell 1971) . Secondly, there are very few people 
permanently residing in the catchment so that the effects of 
agriculture can be studied independently of other human influences such 
as sewage or industrial wastes. Thirdly, nearly all of the land 
development has been carried out by one developer, the Lands and Survey 
Department. Present and historical information on land development and 
fertilizer application rates are, therefore, available. Lastly, 
periphyton and macrophyte growths are virtually absent in this lake so 
that the resulting changes in nutrient inputs are manifest only in 
phytoplankton growth. This provides an opportunity to test the 
applicability of published empirical models to a New Zealand lake. 
This thesis details the limnological study of Lake Mahinerangi 
from four general aspects. One aim of the study was to examine the 
continuing eutrophication of the lake from its original state. The 
index considered most important was phytoplankton productivity but data 
were also available from 1964 to determine changes in Secchi disc 
transparency, pH, alkalinity, dissolved reactive phosphorus, 
chlorophyll and phytoplankton and zooplankton species composition. The 
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second objective was to investigate via routine bioassay and large 
volume enclosure experiments, the extent to which nitrogen and 
phosphorus limited phytoplankton growth. The third aim of the study 
was to investigate the rates of inflow of nitrogen and phosphorus to 
Lake Mahinerangi from the inflowing streams and to relate these to land 
development and fertilizer application. The final objective was to 
calculate nitrogen and phosphorus loads to the lake and to investigate 
the applicability of published empirical models to Lake Mahinerangi and 
to New Zealand lakes in general. 
This thesis is divided into five chapters. The first describes 
Lake Mahinerangi, its catchment and the changes in land development 
while the remaining four chapters are devoted to the above objectives. 
Further discussion of each objective is contained in separate 




STUDY AREA ..::. LAKE MAHI~""ERANGI AND CATCHMENT 
Lake Mahinerangi (Fig. I-1) is an artificial lake formed by the 
damming of the Waipori River for hydro-electric purposes in 1923. The 
dam was later raised to its present level in 1945. The lake is located 
65 km west of Dunedin in the Lammermoor ranges, part of an elevated 
peneplain at 390 m above sea level. It is 14.5 km long with a maximum 
width of 1.6 km and when full, has a surface area of 16.2 km2, mean 
depth of 12.2 m, maximum depth of 30 m and a shore length of 
approximately 115 km. 
Irwin and Main (1979) . 
A bathymetric map of the lake was prepared by 
The catchment area including the lake is 330 km2. 'rhe lake is fed 
by the Waipori River and seven smaller tributaries (Fig. I-2) which 
collectively drain approximately 70 percent of the catchment area. The 
remaining 30 percent is drained by the numerous small catchments around 
the convoluted shoreline. 
I.1 CLIMATE AND GEOLOGY 
Rainfall is unevenly distributed over the Lake Mahinerangi 
catchment, ranging in 1981 from approximately 900 mm.yr-1 at the dam to 
more than 1300 mm.yr-1 in the Waipori River catchment to the west. 
Open water evaporation at this site, at approximately 500 mm.yr-1, is 
amongst the lowest recorded values in New Zealand (Finkelstein 1973) . 
The lake is exposed, receiving a mean wind run of approximately 220 
Figure I-1: Lake Mahinerangi showing 10 and 20 m 
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km.day-1 with winds predominantly from the N-NW and S-SW directions 
(New Zealand Meteorological Service 1981) . Mean air temperatures range 
from 12.5°C in summer down to 3.5°C in mid-winter (Max 28°C, Min -5°C) 
and frosts are frequent in winter and spring (New Zealand 
Meteorological Service 1981). 
The basement rock of the catchment is metamorphic, Chlorite Zone 
Haast Schist and the predominant soil type is upland yellow brown earth 
(Hewitt 1982) . 
I.2 HYDROLOGY 
Winter draw-down for electricity generation can lead to seasonal 
fluctuations in the water level of up to approximately 10 rn. Water 
level during the study period varied by up to about 5.5 rn (Fig. I-3). 
Monthly estimates of hydrologic inflow to Lake Mahinerangi were 
calculated from daily volume data and outflows supplied by the Dunedin 
City Council Electricity Department. Open water evaporation from the 
lake was calculated by applying 0.69 (Finkelstein 1961) to raised pan 
evaporation data from the weather station sited at the darn (Fig. I-2; 
data obtained from the New Zealand Meteorological Service) . Since 
changes in lake temperature lag behind changes in pan temperature, open 
water evaporation is probably overestimated in summer and 
underestimated in winter (Winter 1981). The magnitude of groundwater 
inflows and outflows, is unknown, and in the hydrology calculations, 
they have been ignored. 
thus: 
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Figure I-3: Flilictuations in water level of Lake Mahinerangi, 1980-82. 













Total Inflow outflow + change in lake volume + evaporation 
Surface inflows were calculated as total inflow minus direct 
precipitation onto the lake surface. Precipitation onto the lake was 
calculated as the average from four rain gauges located around the 
catchment (Fig. I-2) multiplied by lake area. 
Mean monthly rates of outflow, evaporation, precipitation and 
stream inflows are presented for 1980-82 in Figure I-4. Seasonal 
changes in lake volume reflect the fluctuations in water level. With 
seasonal changes in volume and surface inflows (Fig. I-4), the 
hydraulic residence time also varies seasonally. Monthly average 
retention ranged from approximately 1100 days in January 1981 to as low 
as 140 days in August 1981. The mean 'daily retention tirr~ for the 
whole study period was 366 days. 
On rare occasions, the lake freezes and presumably inversely 
stratifies during winter; freezing was observed during the present 
study in September 1982, but no temperature measurements were made at 
this time. 
I.3 LAND DEVELOPMENT 
In 1964 most of the drainage basin was undeveloped tall tussock 
grassland, with the exception of an exotic pine plantation of 23 km2 
(7% of the catchment) located around the lower half of the lake 
(Fig. I-2) and 20 hectares on the southern side of the lake which had 
been sown with grass. Virtually no fertilizer had been applied to the 
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Figure I-4: Monthly average rates of outflow, evaporation, 
precipitation, surface inflows and changes in 
lake volume in Lake Mahinerangi, 1980-82. 
(m3.sec-l) 
Page 14 
been carried out by the Lands and Survey Department, which purchased a 
total of 140 km2 of the catchment. Development involved ploughing 
accessible slopes, applying lime (5 tonnes per hectare) and 
superphosphate fertilizer, sowing fodder crops in the first year, then 
resowing with grass the following year. Higher altitude and less 
accessible areas have been oversown with grass and clover seeds and 
topdressed with superphosphate fertilizer. 
Changes in land use since 1964 are presented in Fig. I-5. By 
1981, 1400 ha of forested area (4% of the catchment) had been 
clearfelled, and 11000 ha (35% of the catchment) had been 
agriculturally developed (24% oversown and topdressed and 11% ploughed 
and resown) . 
Phosphatic fertilizers, consisting of 9% phosphorus have been 
applied. to both ploughed and oversowri regions yearly. In common with 
usual agricultural practice in New Zealand no nitrogenous fertilizer is 
used,. but clovers are sown to enhance atmospheric nitrogen fixation. 
With increases in land development, the rate of phosphorus fertilizer 
application has risen to approximately 2500 tonnes per year (Fig. I-6) . 
In total, approximately 15,000 tonnes of phosphate fertilizer have been 
applied to the catchment since 1965. 
There are approximately 15 people permanently living in the 
catchment and sewage is collected and partially decomposed in septic 
tanks. 
Figure I-5: Changes in percentage land development in the Lake 
Mahinerangi catchment, 1964 - 1981. 
Areas of forest clearfelled were calculated by 
planimetry from annual series of aerial 
photographs supplied by the Dunedin City Council 
Forestry Department. Ploughed and oversown and 
topdressed areas were calculated from development 
maps and information supplied by Mr A Don, Field 
Officer, Lands and Survey Department, and Mr T 
Bezett, former manager of Thornicroft Farm 
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Figure I-6: Application of phosphatic fertilizers to 
agriculturally developed land of the Lake 
Mahinerangi catchment 1965 - 1981. 
Calculated from areas of land developed (Fig. I-5) 
and rates of fertilizer application (375 kg.ha-1 
when first developed plus 250 kg.ha-1 every 
successive year) and additional information 

















































LONG-TERM CHANGES IN LAKE MAHINERANGI 
II.l INTRODUCTION 
The main objective of this part of the study was to determine 
changes in the trophic status of Lake Mahinerangi since the studies of 
Mitchell (1971, 1975b) and Galland (1977) . Trophic indicators of 
interest were: phytoplankton productivity, chlorophyll ~' Secchi disc 
transparency, nutrient concentrations and phytoplankton and zooplankton 
species and abundance. 
Earlier studies (Mitchell 1971) revealed large differences in 
phytoplankton productivity measured in different basins of the lake. 
Galland (1977) found that small-scale patchiness (within 200 m) was not 
responsible for these regional variations in production. There was 
also no evidence that systematic differences in zooplankton abundance 
caused these variations. Mitchell and Galland (1981) related 
depressions in phytoplankton productivity, measured at midday during 
transient thermal stratification of the lake, to vertical migration by 
dinoflagellates (Gymnodinium spp.), a major component of the 
phytoplankton. Fluctuations in production during summer appeared to be 
related largely to mixing and its effects on the vertical distribution 
of the dinoflagellates. 
In addition to monitoring lake trophic status at the main station 
used in earlier studies, routine sampling of three regional stations 
located in different basins was undertaken. These studies were carried 
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out to determine the current pattern of regional productivity and to 
test the hypothesis that regional variations were related to 
differences in thermal stratification and consequent variations in the 
vertical distribution of the dinoflagellates. 
Using mesh filtration, Galland (1977) and Mitchell and Galland 
(1981) determined that Gymnodinium spp. contributed a major proportion 
of the total phytoplankton productivity in Lake Mahinerangi. Similar 
methods were employed during the present study to determine the 
relative contribution of net- and nannoplankton size fractions to 
productivity and to relate these to the findings of the earlier 
studies. 
In this chapter I discuss the limnology of Lake Mahinerangi during 
1980-82, changes in trophic indicators since 1964, regional variations 
in phytoplankton productivity and an interesting aspect of light 
attenuation caused by changing phytoplankton cell size. 
. >· 
..-~, __ _, 
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II.2 METHODS 
II.2.1 Sampling Methods 
Routine sampling of Lake Mahinerangi began in October 1980 and 
continued at approximately two-weekly intervals until May 1982. The 
first four sampling sites of Mitchell (1971) were studied (see Fig. 
I-1) • Two stations were studied on most sampling days. Conditions at 
Station 1 were sampled on every occasion while Stations 2, 3, and 4 
were sampled in succession over the sampling period. 
Water samples were collected at 0.0, 0.5, 1.0, 2.0, 3.0, 4.0, and 
6.0 metres using a 5.5 L water sampler (VanDorn 1956) coated with 
black tape. Samples were taken with the sampler suspended near 
vertical with its mid-point at the required depth. 
The carbon-14 technique developed by Steemann-Nielsen (1952) was 
used to estimate the phytoplankton productivity in Lake Mahinerangi. 
Essentially the same methodology has been used in all studies since 
1964. Two light bottles were rinsed three times and filled with water 
from each depth. Bottles were filled in shade to minimize potential 
shock from exposure to high light intensity. All bottles were stored 
in darkness until addition of radioactive carbon. Single dark bottles, 
coated with black tape, were filled at 0.5, 2.0, and 4.0 m depths. 
Samples for alkalinity, pH, and chlorophyll analyses were taken at 
1.0, 3.0, and 6.0 min 500 ml clean white polyethylene bottles. 
Three 100 ml samples of surface water from St:ation 1 were 




Zooplankton samples were collected from Station 1 using the same 
net (diameter 10.5 em, height 25 em, mesh size 0.1 rom) used by Mitchell 
(1971, 1975b) and Galland (1977) in Lake Mahinerangi. Three 5 m 
vertical hauls were rinsed into separate polyethylene containers and 
the animals were fixed with formalin to a final concentration of 
approximately 4 percent. 
Duplicate samples for phosphorus and nitrogen analyses were 
collected from just below the surface at Station 1 in clean 500 ml 
polyethylene bottles. The phosphorus bottles were impregnated with 
iodine to prevent algal and bacterial growth on the sides of the 
containers (Golterman and Clymo 1971) . Samples were retained on ice in 
an insulated container and frozen upon return to the laboratory. 
II.2.2 Physical Measurements 
A. Temperature 
Water temperature was measured using a Kahlsico Model 202WA510 
DITEM digital thermistor (Precision: ±0.2°C). Air and surface water 
temperatures were also measured using a mercury thermometer. Agreement 
between the two methods was satisfactory. 
B. Underwater Light 
Penetration of photosynthetically active radiation (400 to 750 nm) 
was determined using a Li-cor LI 185A Quantum light meter. Vertical 
series of measurements were made at 0.5 m intervals. 
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c. Secchi Disc Transparency 
Secchi disc transparency was measured using the type of disc and 
method described by Welch (1948). The disc was lowered on the shaded 
side of the boat and was viewed from approximately 0.5 m above the 
surface of the water. All readings were taken close to midday. 
II.2.3 Chemical Measurements 
A. Dissolved Oxygen 
Dissolved oxygen was measured using a Model 54 oxygen probe 
(Yellow Springs Instrument Co.; Precision +0.1 mg.l-1) calibrated 
before each use. Percentage oxygen saturation was calculated using 100 
percent values calculated from Mortimer(1981, equation 6, p.13). 
B. Bicarbonate Alkalinity 
Bicarbonate alkalinity was determined in the field by titration 
with M/50 HCl to an end point of pH 4.5 using BDH 4.5 indicator 
(American Public Health Association 1976) . Concentrations of carbon 
available for photosynthesis were calculated from pH, temperature, and 
alkalinity after Saunders et al. (1962) . The mean of the three depth 
samples was taken as the single alkalinity result. 
C. pH 
pH was measured immediately upon return to the laboratory with a 
PHM 62 Standard pH meter (Radiometer/Copenhagen; Precision ±0.01). The 
mean of the three depth samples was taken as the single pH measurement. 
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D. Nitrogen And Phosphorus Analyses 
All chemical samples were removed from the freezer and allowed to 
thaw to room temperature before analysis. 
All glassware was washed with Deconex 20 detergent, rinsed 6 times 
with tapwater and six times with distilled water, and dried at 120°C in 
a drying oven. 
Total phosphorus (TP) was estimated after digestion of 100 ml 
samples with 0.4 g of K2S20s for 30 minutes at 103 kPa in an autoclave 
(Menzel and Corwin 1965) . Dissolved reactive phosphorus (DRP) was that 
undigested fraction that passed through a Whatman GF/C filter. Both 
total and dissolved reactive phosphorus were determined 
spectrophotometrically by the molybdenum-blue method following hexanol 
extraction (Stevenson, Kingsford and Edgerly 1975) . 
Ammonia-nitrogen (NH4-N) was determined by spectrophotometer using 
the indophenol method (Harwood and Kuhn 1970) as modified by Scheiner 
(1976). 
Nitrate-nitrogen (N03-N) in samples was reduced to nitrite (N02-N) 
in columns containing copper coated cadmium (Strickland and Parsons 
1972) . Nitrite concentration was determined by azo-dye formation and 
spectrophotometric measurement (Stevenson et ~- 1975). Reduced 
(N02-N and N03-N) concentrations were subtracted from unreduced (N02-N) 
to give N03-N concentration. 
Total nitrogen (TN) was estimated spectrophotometrically after 




II.2.4 Biological Measurements 
A. Phytoplankton Productivity 
A.1 Carbon-14 Material And Standardization 
All previous productivity studies on Lake Mahinerangi have been 
done with 14C obtained from the Radiochemical Centre, Amersham, 
England. Five millicuries of NaH14co3 in aqueous solution with a 
specific activity of 187 Mbq were obtained in 1980 from this source. 
This solution was diluted in 3 litres of distilled water, and 7 ml 
aliquots were dispensed into 10 ml borosilicate ampoules, sealed, and 
sterilised in an autoclave for 30 minutes at 103 kPa. 
Standardized activity of the 1980 14C batch was determined using 
the method of Mitchell (1971) . Activity in seven ampoules, chosen at 
random, was compared with the activity from seven ampoules of the 
standardized 1978 batch. One ml subsamples from each ampoule were 
added to dilute Na2 co3 carrier solution in 1 L flasks. From each 
flask three 3 ml aliquots were added to 25 ml scintillation vials with 
2 ml phenethylamine, mixed, and 10 ml of a liquid scintillation 
cocktail (see below) were added (Iverson et al. 1976). These samples 
were counted in a Packard Tricarb Liquid Scintillation counter. 
Results are presented in Appendix II-A. 
A.2 Light Bottle Type 
Initially, glass stoppered Pyrex reagent bottles (116 137 ml) 
were used. These bottles had been used in previous studies (Mitchell 
1971, 1975b and Galland 1977) . Due to replacement Pyrex bottles being 
unobtainable, Kimax glass reagent bottles of 146 - 149 ml capacity and 
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of thicker glass were used. The two types were compared by parallel 
incubations at Station 1 on 10.12.80. An analysis of variance 
(Teddybear St~tistical Program, Wilson 1978) of the two depth profiles 
of hourly productivity (Appendix II-B) revealed no significant 
difference between the two bottle types: 
Source of variation Sum Squares d.f. Mean Square F p 
Depth 47.0688 4 11.7672 123.4 <0.001 
Bottles 0.1312 1 0.1312 1.38 N.S. 
Depth/Bottles 0.0062 4 0.0016 0.02 N.S. 
Error 0.9535 10 0.0953 
Total 48.1597 19 
A.3 14C Addition And Incubation 
A one ml aliquot of NaH14co3 was added to each bottle by means of 
a 10 ml automatic syringe fitted with a 5 em needle. ~rhe bottles were 
stoppered and then shaken. Dark bottles were treated first and then 
light bottles in order from the surface. All samples were incubated 
for four hours between 1030 and 1430 hours (NZST) . For logistical 
reasons, samples from the regional stations were incubated at Station 
1. 
The bottles were suspended at their sampling depths using the 
design of Mitchell (1971) (Fig. II-1A) . This method often led to 
losses of bottles due to clip or string failure, and bottles were 
liable to exposure to high light intensity while being fastened to the 
line. From 18.11.81, bottles were suspended horizontally on clear 
perspex holders (Fig. II-18) modified from Schindler and Holmgren 
(1971). This method reduced bottle losses and handling times. A 
comparison of the two methods was made on 18.11.81 at Station 1. An 
Figure II-1: Methods of suspension of productivity bottles in 
Lake Mahinerangi. 
A. The method used by Mitchell (1971) and used in 
this study until 18.11.81; 






analysis of variance. (Teddybear Statistical Program, Wilson 1978) of 
the data (Appendix II-C) showed that no significant difference in 
productivity was attributable to the method of suspension: 
Source of variation Sum Squares d.f. Mean Square F p 
Depth 11.1977 5 2.2395 56.6 <0.001 
Holders 0.0508 1 0.0508 1.28 N. S. 
Depth/Holders 0.0558 5 0. 0112 0.28 N .S. 
Error 0.4752 12 0.0396 
Total 11.7795 23 
A. 4 Filtration 
At the end of the incubation period bottles were removed from the 
float line and placed in a dark box and wrapped with black plastic. 
Filtration was started immediately upon return to shore, and took up to 
two hours. Each bottle was shaken and a 10 ml subsample was filtered 
through a 25 mm Millipore HA filter at a pressure of less than 1.7 kPa. 
Dark bottles were filtered first and then light bottles in order from 
the deepest samples. 
Following filtration, the filters were placed on 3 em metal 
planchettes smeared with petroleum jelly, and stored in matchboxes to 
air dry overnight. 
A.5 Size Fractionation Of Phytoplankton Productivity 
The relative contribution of net- and nannoplankton to 
phytoplankton productivity was also studied. A large range of pore 
sizes has been used to differentiate between net- and nannoplankton and 
is reviewed in Rai (1982) . In this study the two size classes are 




This is the same size separation used by Mitchell and Galland 
To remove the large phytoplankton, a sample of water from the 1 m 
productivity samples was filtered through Nitex netting (26 urn mesh) 
after incubation. Ten ml of the filtrate were then filtered through a 
Millipore filter as above. 
A.6 Counting 
Initially, radioactive filters from 14C incubations were counted 
using a thin window Geiger-Muller tube (Mitchell 1971) . Due to this 
instrument breaking down irreparably samples taken from April 1981 on 
were counted in the Liquid Scintillation counter. Filters were placed 
in vials containing 10 ml of a liquid scintillation cocktail 
(consisting of 5 g PPO, 0.25 g POPOP in 720 mi toluene, plus 280 ml 
BBS-3 Beckman Biosolv) . To correct counts from the scintillation 
counter to those of the G.M. tube, 20 filters from samples previously 
counted in the G.M.tube were counted in the scintillation counter and a 
correction factor of 0.1257 (± 0.0028 SE) obtained (Appendix II-D). 
Counts obtained from filters counted in the scintillation counter were 
converted to G.M. counts with this correction factor. 
- i .. 
Page 28 
A.7 Calculation Of Primary Productivity 
Production per Unit Volume per Hour 
Carbon assimilated in photosynthesis for each depth was calculated 





Lc/s x LV 
Volfilt 
Dc/s x DV 
Volfi1t 
where Corr c/s stands for corrected counts per second and is the 









is a correction factor where Std c/s is the 
counting rate for a perspex standard of 335 
counts per second, 
is the counting rate for the light sample, 
is the volume of the light bottle, 
is the volume of sample filtered (10 ml), 
is the counting rate for the dark sample and, 
is the dark bottle volume. 
The correction used for dark assimilation in the above equation 
was the mean volume corrected count of the three bottles from each 
station. The means of the two light bottle values obtained at each 
depth were used to calculate hourly rates of production: 
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Corr c/s x Avail C x 0.063 
Productivity (mgc.m-3.h-1) 
hours of incubation 
'' ---- · .... where Avail C is carbon available for photosynthesis and 
0.063 is the correction for: 
1) Counts added to each bottle at G.M. 
efficiency of the 1980 14C stock 
solution (Appendix II-A); 
2) Conversion of available carbon from 
l -1 t -3 mg. o mg.m . 
Integrated Daily Productivity 
Phytoplankton production beneath unit surface area to 6 m depth 
was calculated by linear interpolation of the depth profile of the 
hourly 14C uptake rates. These were corrected to daily values by the 
method of Mitchell (1971) : 
Area x 0.7 x daylength 
where IP is daily integrated productivity; 
Area represents the area under the depth profile of hourly 
production (mgc.m-2.h-1); 
daylength in hours from sunrise to sunset (data from the N.Z. 
Meteorological Service, Ministry of Transport; Appendix II-E) 
and; 
0.7 is the correction factor used to convert the short-term midday 
productivity estimates to daily values. This was calculated by 
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Mitchell (1971) as the ratio of the integrated average hourly 
rate of photosynthesis for the day to the hourly rate for the 
. midday incubation period. This method differs from other 
empirical extrapolation techniques (e.g. Hrumner et al. 1973; 
Vollenweider 1974; Wetzel and Likens 1979) where the ratio of 
areal midday production to daily areal rates is calculated. 
Due to seasonal changes in daylength and the consequent varying 
fraction of the daily illumination represented by the 
experimental period, this ratio may vary considerably with 
season (Hammer et al. 1973) and therefore requires frequent 
calibration throughout the year. The correction factor used in 
this study was derived from five diurnal studies carried out by 
Mitchell (1971) in Tomahawk Lagoon, a lake of similar latitude 
to Lake Mahinerangi. His daily production estimates for Lake 
Mahinerangi were also based on this correction factor. Two 
studies of the diurnal distribution of production were carried 
out at Station 1 in summer (13. 01. 81) and winter (30. 06. 81) and 
confirmed that this was a reasonable correction to daily 
estimates (Appendix II-F) . 
B. Chlorophyll Measurements 
Analysis of photosynthetic pigments followed the general 
methodology and recommendations of Marker et ~- (1980). 250 ml 
samples were filtered through Whatman GF/F filters and stored frozen 
until analysis. Chlorophyll determinations usually took place within a 
month of the sampling date. Filters were placed in tissue grinding 
tubes containing approximately 2 ml of 90 percent acetone, and ground 
for 1 minute (Gallenkamp Handilab Stirrer fitted with a teflon pestle) . 
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The filter was then rinsed with acetone into a 10 ml graduated 
centrifuge tube and the final volume adjusted to 10 ml. Samples were 
left to extract in a dark refrigerator (3°C) for 20 to 24 hours and 
centrifuged at 3000 r.p.m. for 10 minutes. Absorbance of the 
supernatant was measured at 665, 645, 630, and 750 nm on a Beckman 
Model 25 Spectrophotometer in a 4 em quartz cuvette. Two drops of 
concentrated HCl were added, the cuvette was mixed on a vortex stirrer 
--:. 
and the measurements were repeated immediately at 750 and 665 nm. 
Corrections for phaeopigments can be of greater importance than 
those for chlorophylls b and Q. The importance of degradation products 
in Lake Mahinerangi extracts is shown by the acid ratio: 
A665 before acidification 
A665 after acidification 
where A665 is the absorbance at 665 nm (Prid~ore et al. 1983) . This 
ratio was always less than 1.65 and, therefore, concentrations of 
chlorophyll ~ and phaeopigrnent were calculated using the 
monochromatic equations of Strickland and Parsons (1972) . 
-- ,-... 
·> C. Phytoplankton Identification And Counting 
Samples for phytoplankton identification and enumeration were 
prepared using the membrane filter method of Dozier and Richerson 
(1975) . One ml subsamples were filtered onto 13 rnm Millipore HA 
filters using a vacuum of 1.7 kPa. The filter was then placed over two 
drops of 50 percent glutaraldehyde on a glass slide. The slide was 
heated at 50°C for 30 minutes or until transparent. Depex Mounting 
medium was used to mount the cover glass permanently. 
·-
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Only one algal sample from each sampling occasion was counted. 
The whole filter was scanned at X 400 magnification and all algae were 
identified to _genus level where possible, and counted. 
Measurements (at X 1000 magnification) of at least 10 cells of the 
most frequently occurring genera of algae were taken from each sample. 
Cell volumes were calculated assuming cells had an equivalent geometric 
shape (Sournia 1978). Ranges and means of cell volumes calculated in 
this study are presented in Appendix II-G. 
D. Zooplankton Counting 
Preserved zooplankton samples were counted using a counting 
chamber under a binocular microscope at X 20 magnification. In most 
cases, the whole sample was counted, but on nine occasions, when 
numbers were high, three subsamples were taken from the mixed sample of 
known volume using a 5 ml wide bore pippette. 
II.2.5 Statistical Analysis Of The Results 
The precision of the estimates of 14C productivity, and the 
nitrogen, phosphorus and chlorophyll analyses, was tested using the 
replicated measurements of each analysis. Preliminary tests for 
normality were carried out on the data (Bliss 1967) and where 
necessary, logarithmic transformations of the data were made. The data 
were tested using a single factor analysis of variance (ANOVA, 
Teddybear Statistical Program, Wilson 1978). The error mean square, 
due to differences between the replicate samples, is an estimate of the 
variance common to all samples (Zar 1984) and from this the standard 
error for a mean of two replicates was calculated. These are presented 
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as percentages of the mean. 
Changes in the limnological characteristics of Lake Mahinerangi 
since 1964 were tested on those parameters for which previous data were 
available. Each parameter was tested using the computer program GLIM 
·--·--,;>. 
(General Linear Interactive Modeling, Maindonald 1975; Manly and 
Crosbie 1977; Baker and Nelder 1978). Essentially, this program fits a 
range of statistical models according to the principle of maximum 
liklihood with the goodness of fit of the models being measured by the 
"deviance", which is analagous to the residual sum of squares of a 
conventional analysis of variance. 
The data were analysed in the form of monthly means, and to reduce 
seasonal effects, a square root transformation was used. 
In the GLIM model, variation in the dependent variable is tested 
for in terms of the variation of the covariates (independent 
variables) . The model predicts a corresponding fitted value given by 
the linear model: 
where y is the dependent variable, 
b· I are parameters estimated from the data, 
X· I are the independent variables (in all cases, 
months and years) and, 
e is the residual or error component to which 
the variation unaccounted for is assigned. 
-~ -' 
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Associated with this analysis is an ~~OVA which expresses the 
total sum of squares amongst the data (Y) into two components, the 
fitted sum of squares and the sum of squares of the residuals. 
Therefore, the importance of adding the year term to the model can be 
tested, using the change in the residual sum of squares when this term 
is added. 
When F ratios were significant, differences between the three 
years for which data were most complete, 1965, 1969 and 1981, were 
tested using Duncan's New Multiple Range Test with square root 
transformed data. The 95% confidence intervals were used and, in the 
presentation of results, means not significantly 
underscored with the same line. 
different are 
Changes in each limnological parameter are summarized in tables 
depicting the period of study and the range of the data recorded. 
Annual means are presented for those data where at least 12 monthly 
samples were taken. Annual means were calculated so as to give equal 
weight to each month. Unless stated otherwise, the sources of earlier 
data used for the long-term comparisons in this chapter are: 1964-66, 
Mitchell (1971); 1968-70, Mitchell (1975b) and unpublished; 1976-77, 




II. 3 RESULTS 
II.3.1 Temperature 
The vertical and seasonal pattern of temperature recorded at 
Station 1 is presented in Figure II-2 (data, Appendix II-H) . Surface 
water temperatures ranged from 3.8°C in July 1981 to 17.1°C during 
February and March 1982. Wind-induced turbulence was sufficient to mix 
the lake for most of the study period. A temperature difference of 
greater than 1°C between the surface and the bottom was observed on 
only four isolated sampling days. During 1964-66 and 1968-69, Mitchell 
(1975b) recorded only four days out of 55 with a temperature difference 
greater than 1~. Over the summer of 1976-77, however, Galland (1977) 
observed during weekly sampling a strong (>4°C), stable stratification 
which lasted more than 28 days during unusually calm weather. The 
development and degree of stratification in Lake Mahinerangi during 
summer*, appears to be dependent on the stability of weather conditions 
over this season. 
II.3.2 Underwater Light 
From the measurements of underwater penetration of 
photosynthetically active radiation (PAR, Appendix II-I), vertical 
attenuation coefficients, K (Kirk 1977a), were calculated (Fig. II-3). 
Attenuation coefficients ranged from 0.695 to 1.324 m-1 (geometric 
annual mean for 1981, 0.967 m-1). Although results were variable, some 
seasonal trend was evident with lo>vest attenuation during autumn and 
highest in spring. 
* Throughout this 
Dec/Jan/Feb; Autumn, 
Sep/Oct/Nov. 






Figure II-2: Seasonal and vertical distribution of isotherms 
(OC) at Station 1, Lake Mahinerangi, October 1980 
-May 1982. The figure includes seasonal change 
in water depth, and arrows indicate days of > 1°C 
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The depth at which 1 percent of the surface irradiation occurs is 
commonly considered as the lowest depth of the euphotic zone (Talling 
1971) . Euphotic zone depths, calculated from the attenuation 
coefficients (Kirk 1977b), varied seasonally between 3.1 and 6.7 m with 
an annual geometric mean for 1981 of 4.8 m). 
II.3.3 Secchi Disc Transparency 
Seasonal Secchi disc readings from this study are presented in 
Figure II-4 (data, Appendix II-I). Transparency varied from 1.3 m in 
October 1981 to 3.2 min March 1982. A strong seasonal cycle was 
evident with greatest clarity occurring in autumn and reduced clarity 
during spring. There was a significant correlation between 
transparency and light attenuation (n = 27, r = -0.59, p < 0.001). 
Annual trends in Secchi disc transparency since 1965 are shown in 
Table II-1. Seasonal cycles in transparency were not apparent in 
measurements taken prior to this study. Mean transparency was greatest 
during 1969 and decreased to the 1981 mean of 2.2 m. 
Table II-1. Changes in Secchi disc transparency (m) at Station 1, Lake 
Mahinerangi, 1965-1982. 
No. 
Date Readings Range 
Jan 1965 - Jan 1966 18 1. 75 - 4.0 
Nov 1968 Feb 1970 16 2.5 4.4 
Nov 1976 - May 1977 12 1.8 - 3.5 
Nov 1978 - Jan 1980 6 1.3 - 2.3 
Oct 1980 - May 1982 30 1.3 - 3.2 










Figure II-3: Seasonal changes 
coefficient of PAR 
October 1980 - May 
in the light attenuation 
at Station 1, Lake Mahinerangi, 
1982. 
Figure II-4: Secchi disc transparency (m) at Station 1, Lake 
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~llien GL1M was used to test the data, the effects of different 
years was found to be significant: 
Source of variation Sum Squares d.f. Mean Square F p 
Months 0.2770 11 0.0252 
+ Years 1.0227 11 0.0927 4.35 <0.001 
Error 0.7663 36 0.0213 
Total 1.8167 58 
Duncan's Multiple Range Test indicated that the 1969 data were 









11.3.4 Dissolved Oxygen 
There was little variation in oxygen concentration between surface 
and bottom waters during 1980-82, although bottom concentrations were 
usually lower (Appendix 11-J). Surface concentrations ranged from 9.0 
mg.l-1 in January up to 15.2 rng.l-1 in August 1981. 
Vertical and seasonal variations in percentage oxygen saturation 
(Fig. 11-5) exhibit a similar pattern to those of temperature (Fig. 
11-2) . Because of frequent mixing, the whole water column was 
generally well saturated throughout the sampling period. Saturation 
declined below 100% in deeper water during periods of relative 
stability. 
The present values show a much wider range of variation (80 
130%) than those recorded earlier. Mitchell (1971) recorded 90 to 102% 
saturation (sunrise values) during November 1963 to August 1964, and 
Figure II-5: Seasonal and vertical distribution of 
percent saturation) at Station 
Mahinerangi, October 1980 - May 1982. 
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also found very little variation with depth. It is possible increased 
saturation during the present study was caused by a greater 
contribution from phytoplankton photosynthesis. 
II.3.5 Bicarbonate Alkalinity 
During the study period bicarbonate alkalinity in the surface 
waters of Lake Mahinerangi displayed a distinct seasonal cycle (Fig. 
II-6; data, Appendix II-K). Concentrations ranged from 6.0 to 7.6 
mg .1-1 Caco3 and were highest in auturcm and winter, lm•rest in spring, 
and increased through summer. 
Table II-2. Changes in bicarbonate alkalinity (mg.l-1 caco3 ) in the 
surface waters of Lake Mahinerangi at Station 1, 1964 -
1982. 
No. Annual 
Samples Range Mean* SD 
Dec 1964 - Jan 1966 19 5.7 - 7.3 6.30 0.39 
Nov 1968 - Feb 1970 16 6.1 - 7.2 6.70 0.31 
Nov 1976 - Jun 1977 13 6.2 6.9 
Jul 1978 - Jan 1980 11 5.9 - 7.5 
Oct 1980 - May 1982 33 6.0 - 7.6 6.88 0.32 
* monthly weighted mean for 1965, 1969 and 1981. 
Since 1964 there appears to have been a slight general trend 
towards increasing alkalinity in Lake Mahinerangi (Table II-2). 
Analysis indicated that this increase was significant: 
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Source of variation Sum Squares d.f. Mean Square F p 
Months 0.1718 11 0.0156 
+ Years 0.1779 12 0.0148 4.12 <0.001 
Error 0.1400 39 0.0036 
Total 0.4897 62 
Duncan's HultipleRange Test significantly separated the means of 
1965, 1969 and 1981 from each other. 
Added lime leaching from agricultural land may have been the 
cause of this increase in alkalinity. 
II.3.6 pH 
Changes in pH in the upper 6 m at Station 1 were generally small, 
ranging from between 6.1 and 7.3 (Fig. II-7; data, Appendix II-K). A 
small seasonal component was evident with peak values in autumn, low pH 
in winter, and fluctuating, but generally increasing values over spring 
and summer. 
Table II-3. Changes in pH in the surface waters of Lake Mahinerangi at 
Station 1, 1964 - 1982. 
No. 
Date Samples Range 
Dec 1964 - Jan 1966 20 6.8 7.3 
Nov 1968 - Feb 1970 16 7.1 - 7.9 
Nov 1976 - Jun 1977 12 6.5 - 7.1 
Jul 1978 - Jan 1980 11 6.3 - 7.2 
Oct 1980 - May 1982 33 6.1 - 7.3 










Figure II-6: Changes in bicarbonate alkalinity (mg.l-1 Caco3 } 
in the surface waters of Station 1, Lake 
Mahinerangi, October 1980 -May 1982. 
Figure II-7: Changes in pH in the surface waters at Station 1, 
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Changes in pH since 1965 are presented in Table II-3. Values were 
highest during 1968-70 and those of the present study show a much wider 
range of pH recorded. When GLIM was used to analyse the data the 
changes in pH were significant: 


















Duncan's Multiple Range Test significantly separated the 1965, 
1969 and 1981 means from each other. 
II.3.7 Nitrogen And Phosphorus Concentrations 
Sampling of N and P conditions at Station 1 in Lake Mahinerangi 
continued until December 1982 (data, Appendix II-L) . 
A. Precision Of Estimates 
Standard errors, presented as a percentage of the mean of two 
samples, for each analysis are presented in Table II-4. 
,-\ 
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Table II-4. Precision of chemical estimates calculated by analysis of 
variance of duplicate samples from Station 1, Lake 
~ahinerangi 1980 - 1982. All data log transformed. 
Standard errors are presented as a percentage of the mean. 
Concentrations in ug.l-1 
Analysis No. Pairs Retransforrned Log Error MS Standard Error 
mean for mean of 
concentration two samples 
DRP 31 4.5 0.1403 32.1 
TP 32 22.1 0.0806 23.2 
NH4-N 21 3.7 0.2475 45.6 
N03-N 27 0.6 0.0846 23.8 
TN 11 230 0.0164 9.7 
B. Phosphorus 
Surface concentrations of DRP in Lake Mahinerangi fluctuated from 
1 to 11 ug.l-1 (Fig. II-8) with no major seasonal variation. 
Mean DRP concentrations in Lake Mahinerangi appeared to have 
increased since 1964 (Table II-5) and analysis with GLIM indicated that 
this increase was significant: 
Source of variation Sum Squares d.f. Mean Square F p 
Months 2.930 11 0.2664 
+Years 10.260 12 0.8550 3.44 <0.025 
Error 12.160 49 0.2482 
Total 25.350 72 
Using Duncan's Multiple Range Test, differences between 1965 and 
1969 data failed to reach significance but both were significantly less 
than the 1981 mean: 
Figure II-8: Changes in concentrations of 
phosphorus (DRP) and total 
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Table II-5. Changes in DRP concentrations (ug.l-1) in Lake Mahinerangi, 
1964 - 1982. 
No. Annual 
Date Samples Range mean* SD 
May - Dec 1965 12 0.5 - 2.9 1.531 0.34 
Nov 1968 - Feb 1970 14 0.4 - 12.6 1.88 2.33 
Nov 1974 - Dec 1975 11 0.8 - 6.7 3.30 (1975) 2.02 
Jan - Dec 1976 11 1.0- 6.9 3.1 2.08 
Jan 1977 - Jan 1980 13 0.5 - 6.5 
Oct 1980 - May 1982 40 1.0- 11.1 5.78 (1981) 2.40 
4.47 ( 1982) 1. 77 
* monthly weighted mean. 
1 calculated for seven months. 
Table II-6. Changes in TP concentrations (ug.l-1) in Lake Mahinerangi, 
1978 - 1982 
No. Annual 
Date Samples Range Mean* SD 
Jul 1978 - Jan 1980 11 13.0 - 27.5 20.7 (1978-80) 
Oct 1980 - Dec 1982 40 15.4 - 43.5 23.8 ( 1981) 5.81 
23.8 (1982) 7.31 
* monthly weighted mean. 
Year 1965 






TP levels (Fig. II-8) displayed a seasonal cycle with peaks 
during late winter and spring and decreased levels during the rest of 
the year. Concentrations ranged from 15.4 to 43.5 ug.l-1. 
Prior to 1981, TP concentrations are available only from 1978 
(Table II-6) . Although maximum concentrations appeared to have 
increased, GLIM indicated that there was no significant increase in 
average concentrations: 
Source of variation Sum Squares d.f. Mean Square F p 
Months 3.509 11 0.3190 
+Years 1. 889 4 0. 4723 1.46 >0.25 
Error 5.822 18 0.3234 
Total 11.220 33 
C. Nitrogen 
NH4-N analyses were begun in February 1981. Surface 
concentrations fluctuated from below the limit of detect.ion (less than 
2 ug.l-1) to 34.0 ug.l-1 (Fig. II-9) without any evident seasonal 
trend. The average concentration for 1981 was 4.5 ug.l-1. 
Levels of N03-N were undetectable (less than 1 ug.l-1) in the lake 
for much of the sampling period (Fig. II-9). Concentrations peaked at 
8.5 ug.l-1 during the summer 1981/1982 and were also higher during 
October and November 1982. 
Figure II-9: Changes in concentrations of ammonia-nitrogen 
(NH4-N), nitrate-nitrogen (N03-N), and total 
nitrogen (TN), at Station 1, Lake Mahinerangi, 
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N03-N was the only form of nitrogen analysed in Lake ¥~hinerangi 
prior to this study (Table II-7) . Maximum concentrations appeared to 
have increased slightly since November 1976. When GLIM was used to 
ana~yse the data, however, there was no significant increase in average 
concentrations indicated: 
Source of variation Sum Squares d. f. Mean Square F p 
Months 11.340 11 1. 0310 
+Years 11.420 8 1.4275 1. 75 >0.10 
Error 21.220 26 0.8162 
Total 43.98 45 
Concentrations of N03-N have remained at or near the lower level 
of detection. 
Table II-7. Nitrate Nitrogen concentrations (ug.l-1) in Lake 
Mahinerangi, 1974 - 1982. 
Date No. Samples Range Annual Mean* SD 
Nov 1974 - Dec 1975 6 Nil - 4.6 
Jan 1976 - Dec 1976 12 Nil - 10.6 2.0 3.67 
Jan 1977 - Jan 1980 13 Nil - 3.7 
Oct 1980 - Dec 1982 37 Nil - 8.5 0.6 (1981) 1.12 
2.8 (1982) 3.00 
* monthly weighted mean. 
Analyses for TN were begun in September 1981. Concentrations 
varied from 74.4 to 367 ug.l-1 (Fig. II-9) and the annual average for 
1982 was 200 ug.l-1. The data for 1982 suggest that TN concentrations 
may vary seasonally in the lake, being highest during spring and summer 
and declining in winter. 
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II.3.8 Phytoplankton Productivity 
A. Precision Of Estimation 
The precision of the 14C estimates was analysed using the paired, 
volume - corrected counts from each depth. Only the Station 1 sampling 
data were used and the standard error as a percentage of the mean is 
given in Table II-8. 
Table II-8. Precision of 14C estL~ates calculated by analysis of 
variance of duplicate samples from Station 1, Lake 
Mahinerangi, 1980 - 82. The data were log transformed. The 
standard error is presented as a percentage of the mean. 
Mean value in counts per second. 
No. pairs 
213 




Log Error MS 
0.0486 
Standard Error 
(mean of 2 bottles) 
17.4 
Phytoplankton productivity at Station 1 in Lake Mahinerangi was 
monitored on thirty-three occasions between 30.10.80 and 10.05.82 
(data, Appendix II-M) . Surface inhibition of productivity occurred on 
all but three occasions. Maximum productivity was recorded typically 
at 0.5 to 1 m and twice at 2 m. Light saturated rates of 
photosynthetic production (P-max) for the period 1964 - 1982 are 
presented in Figure II-10. P-rnax values during the current study 
period ranged between 12.9 and 50.4 mgc.m-3.h-1. Highest P-max 
occurred typically around late summer/autumn. In 1981, there was a 
secondary peak in June. 
Figure II-10: Hourly rates of phytoplankton productivity at 
near-optimal light intensity (P-max) from Station 
1, Lake Mahinerangi, 1964 1982. 
(mgCarbon .m -3. h-1) . 
·-.. -· 1964-66 
•·······• 1968-70 
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Rates of P-max in Lake Mahinerangi have risen substantially since 
1964 (Fig. II-10) . The yearly average has increased approximately 
eight-fold from 3.00 mgc.m-3.h-1 in 1965 to 25.31 mgC.m-3.h-1 in 1981. 
An ANOVA of monthly average data using GLIM gave a very significant F 
ratio after the addition of the year term to the model: 
Source of variation Sum Squares d. f. Mean Square F p 
Months 22.00 11 2.000 
+Years 116.71 12 9. 726 24.20 <0.001 
Error 18.49 46 0.402 
Total 157.20 69 
Duncan's Multiple Range Test on all the data grouped the years 
into four groups where the overall trend of increasing P-max is highly 
evident: 
Year 1964 1965 1968 1969 1976 1978 1979 1977 1981 1980 1982 
Mean(mgc.m-3.h-1) 1.59 3.00 6.33 8.09 13.114.5 15.6 19.4 25.3 26.5 28.2 
Production per unit surface area has shown a similar highly 
significant increase (Table II-9; GLIM, F = 20.08, p < 0.001) ) . Mean 
annual integrated production has risen approximately seven-fold from 
1965 to 1981. 
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Table II-9. Changes in daily integrated production (mg C .m-2.day-1) at 
Station 1, Lake Mahinerangi, 1964 - 1982. 
No. Annual 
Date Samples Range Mean* SD 
Sep 1964 - Jan 1966 24 20 - 220 79 51 
Nov 1968 - Feb 1970 16 62 - 800 212 136 
Nov 1976 - Jan 1980 28 150 - 1051 
Oct 1980 - May 1982 33 198 - 1095 502 209 
* monthly weighted means for 1965, 1969 and 1981. 
C. Size Fractionation Of P-max 
The amount of carbon.assimilated by the nannoplankton at the depth 
of P-max was calculated from that fraction of productivity removed by 
the 26 urn screen at 1 m depth (Appendix II-M) . Figure II-11 shows that 
variations in total P-max were related largely to variations in the 
productivity of the net plankton. During late summer and autumn net 
plankton productivity increased and contributed over 50% of P-max from 
February to June 1981 and from February to the end of sampling in May 
1982. Nannoplankton productivity showed less variation throughout the 
sampling period but made up the greater fraction of P-max during late 
winter, spring and early summer. 
Figure II-11: Contribution to P-max of net- and nannoplankton 
fractions at Station 1, Lake Mahinerangi, October 
1980 -May 1982. (mgCarbon.m-3.h-1). 
Horizontal stippling: Net plankton 

































































































Chlorophyll concentrations from the samples taken at 1, 3 and 6 m 
were used to calculate a mean euphotic zone chlorophyll concentration 
at Station 1. The precision of the estimates for chlorophyll ~ 
phaeopigmerits and total pigment were calculated using a single factor 
ANOVA as for the nutrient data. Results are presented in Table II-10. 
Difficulty in separating chlorophyll ~ and phaeopigments led to greater 
standard errors for these two estimates than for total pigment. 
Table II-10. 
Analysis 
Precision of estimates of pigment 
analysis of variance of the replicate 
Lake Mahinerangi, 1980 - 82. Standard 
percentage of the mean concentration. 
No. Mean Error 
analyses from an 
data from Station 1, 
error presented as a 
(mg.m-3). 
Standard Error 
Samples concentration MS (mean of two samples) 
Chlorophyll ..5t 25 4.57 2.8993 21.5 
Phaeopigment 25 4.76 7.7618 33.8 
Total pigment 25 9.34 2.2467 9.3 
The seasonal pattern for chlorophyll ~ concentration (Fig. II-12; 
data, Appendix II-N) was similar to that shown by P-max, with one or 
more peaks during late summer and autumn 1981 followed by low 
concentrations during winter and spring. Concentrations ranged from 
1.4 mg.m-3 in July 1981 to 9.4 mg.m-3 in March 1982. 
Phaeopigment concentrations (Fig. II-12; data, Appendix II-N) 
showed a pronounced winter maximum contributing from 64 to 84 percent 
of the total pigment during this period. Concentrations ranged from 
0.7 mg.m-3 in February 1981 to as high as 11.8 mg.m-3 in June 1981. 
Figure II-12: Concentrations of chlorophyll ~ phaeopigroents, 
and total pigment in surface waters of Lake 
Mahinerangi, Station 1, November 1980 -May 1982. 
(mg .m-3) • 
·----· Chlorophyll .i!. 
•············• Phaeopigment 
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Comparison of present chlorophyll levels with earlier data is 
confused by methodological and calculation differences. Previous 
chlorophyll analyses were done using membrane filters without grinding, 
and no acidification step for phaeopigment correction was included. 
To facilitate comparison total chlorophyll ~ concentrations 
(uncorrected) were recalculated for all data using the Scar-Unesco 
equation (Strickland and Parsons 1972) . A summary of the results is 
presented in Table II-11. These data suggest that chlorophyll 
concentrations in the lake have increased only marginally since 1964, 
and when analysed using GLIM, the increase was not significant: 
Source of variation Sum Squares d. f. Mean Square F p 
Months 5.533 11 0.503 
+Years 1. 939 7 0.277 1.39 >0.50 
Error 3.798 19 0.200 
Total 11.270 37 
Table II-11. Change in total chlorophyll .E. concentration (Scar-Unesco 
calculation) at Station 1, Lake Mahinerangi, 1964 - 1982. 
(mg.m-3) 
No. 
Date Samples Range 
Oct 1964 - Aug 1965 12 1.2 - 10.7 
Nov 1968 - Feb 1970 16 2.2 - 9.4 
Nov 1980 - May 1982 27 3. 4 - 11.8 











II.3.10 Phytoplankton Abundance And Composition 
Twenty-three surface samples for identification and counting of 
phytoplankton were taken from March 1981 through to May 1982. Previous 
phytoplankton records were obtained from 10 samples taken between 
December 1966 and April 1968 and 12 samples collected between June 1968 
and February 1970 (Mitchell 1971, 1975b) . In these years the relative 
abundance of phytoplankton species present was determined on a 
subjective assessment of cell numbers and cell volume. With the lack 
of quantitative records, comparison of the data was restricted. 
Qualitatively, however, there appears to have been little change in the 
phytoplankton composition since 1966-67 (Mitchell 1971) and 1968-70 
(Mitchell 1975b) . The diatom Cyclotell~ and large dinoflagellate 
Gyrnnodinium2 were the most commonly occurring species in the earlier 
samples. In this study, Cyclotella, Gymnodinium and a large colonial 
green alga Coelastrum were found in every sample (Table II-12) and 
collectively they contributed over 80 percent of the total cell volume 
present on each sampling day. 
One genus was present which had not previously been recorded in 
the earlier series of samples. Cells of the filamentous diatom 
Melosira were found throughout the study period and were most abundant 
in late summer and early autumn (Table II-12). Single filaments, each 
containing heterocysts, of the blue-green alga Anabaena flos-aguae were 
also found on three occasions; in March and April 1981 and February 
1982 (Table II-12). This species was only first previously recorded 
during summer 1979-80 (Mitchell and Galland 1981). 
1. Identified as C. stelligera by Dr E A Flint from samples 
taken during 1966 - 1970. 
2. Two species, Q. limitatum and G. sp. were recorded by Dr E 
A Flint from samples taken during 1966 - 1970. 
-( 
Table ll-12Numbers of Phytoplankton per ml-l recorded in the surface waters of Lake Mahinerangi, March 1981 -May 1982. 
Myxophyceae 
Anabaena flos-aquae 
Eug 1 enophyta 
Euglena 
Ch 1 orophyta 
Ankistrodesmus 















Baci 11 ari ophyeae 
Asterionella 
Cyclotella 
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Figure II-13a: Changes in abundance 
Mahinerangi, March 
(Cells.ml-1 x 103). 
Figure II-13b: Chanqes in volume of 
Mahinerangi, March 
(um .ml-1 x 106). 








Figure II-13c: Percentage contribution to phytoplankton biomass 
of the major algal groups, Lake Mahinerangi, March 
1981 -May 1982. 
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Diatoms made up the largest fraction of phytoplankton cell numbers 
(Table II-12) contributing from 44 to 96 percent. Highest cell numbers 
(up to 7940 cells.ml-1) were recorded in spring (Fig. II-13a) when the 
standing crop consisted mostly of Cvclotel1a (Table II-12). Numbers 
generally declined through summer and autumn, and were lowest (as low 
as 995 cells.ml-1) during winter. 
When expressed volumetrically, however, the highest cell volume 
(up to 2.91 mm3.1-1) occurred in Autumn (Fig. II-13b.). The algal 
volume consisted mostly of Gymnodinium and Coelastrum at this time 
(Fig. II-13c) . During winter, spring and early summer small diatoms 
(Table II-12), contributed most to the total cell volume (Fig. 
II-13c) . High spring diatom concentrations led to a secondary smaller 
peak in cell volume at this time (Fig. II-13b). 
II.3.11 Zooplankton 
The same net and 5 m surface water vertical hauls for collecting 
zooplankton were used in this study to maintain comparability with the 
previous studies in Lake Mahinerangi. The most abundant species of 
zooplankton during 1980-82 were; three cladocerans, Daphnia carinata 
(King), Ceriodaphnia dubia (Richard) and Bosmina meridionalis (Sars), 
the calanoid copepod Boeckella hamata (Brehm) and the cyclopoid 
copepods Macrocyclops albidus (Jurine} and Acanthocyclops robustus 
(Sars) which were not distinguished during counting. The hydracarinid 
mite, Piona sp. was recorded in small numbers in summer. Nauplii and 
Rotifera were not counted. 
Figure II-14: Changes in total abundance of crustacean 
zooplankton at Station 1, Lake Mahinerangi, 1965 -
1982. (Numbers per net haul nominally 43.3 
litres) 
·------ 1965 •··-··-·-·· 1969 



































Seasonal changes in total numbers of the most common species 
during 1965, 1969 and 1980-82 are presented in Figure II-14. The 
typical pattern for this lake is low winter abundance with an increase 
in spring to one or more peaks in summer and autQmn, and a decline in 
late autumn. Total numbers showed irregular peaks in summer 1981/1982. 
The large peak in December 1980 was largely due to high numbers of 
B. meridionalis (60% of total number). Numbers were low during late 
summer and early autumn 1981, with only a small increase in autumn. 
About double the total number of zooplankton were present during winter 
than previously. 
When GLIM was used to analyse the monthly data, no significant 
increase in total zooplankton numbers was indicated: 





















The increase in numbers during winter (June to September), however, was 
significant (GLIM, F = 9.06, p < 0.05). 
Changes in the percentage composition of the main species during 
1965, 1969 and 1980-82 are presented in Figs. II-15a-c (1980-82 data, 
Appendix II-0) . The 1980-82 data illustrate the well defined seasonal 
alternation of dominance by Bosmina in summer and autumn and Boeckella 
in winter and spring. The clearest change from 1965 to 1982 is an 
increase in the importance of the largest species, Q. carinata. When 
GLIM was used to analyse for changes in individual species abundance, 
the increase in Daphnia was the only significant change (Table II-13). 
Changes in numbers of Daphnia are presented in Figure II-16. Using 
Figure II-15: Changes in percentage composition of the 
crustacean zooplankton during: (a) 1965; (b) 
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Table II-13. Results of GLIM analyses to determine changes in 
abundance of the main zooplankton species in Lake 
Mahinerangi, Station 1, 1965 - 1982. 
Cyclopoids 
Source of variation Sum Squares d.f. Mean Square F p 
Month 311.6 11 28.33 
+Year 156.5 6 26.08 2.44 >0.10 
Error 245.3 23 10.67 
Total 713.4 40 
·Boeckella hamata 
Source of variation Sum Squares d.f. Mean Square F p 
Month 923.6 11 83.96 
+Year 149.0 6 24.83 1.44 >0.25 
Error 397.4 23 17.28 
Total 1470.0 40 
Bosmina meriodonalis 
Source of variation Sum Squares d~f. Mean Square F p 
Month 2580.7 11 234.61 
+Year 365.1 6 60.85 2.49 >0.10 
Error 561.2 23 24.40 
Total 3507.0 40 
Ceriodaphnia dubia 
Source of variation Sum Squares d.f. Mean Square F p 
Month 1707.7 11 155.2 
+Year 258.9 6 43. 15 1. 79 >0.10 
Error 554.4 23 
Total 2521.0 40 
Daphnia carinata 
Source of variation Sum Squares d.f. Mean Square F p 
Month 66.90 11 6.08 
+Year 180.50 6 18.08 2.94 <0.05 
Error 141.3 23 6.14 
Total 316.7 40 
Figure II-16: Changes in numbers of Daphnia carinata at Station 
1, in Lake Mahinerangi, 1965 - 1982. (Numbers per 
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Duncan's Multiple Range Test on the Daphnia data, 1981 was 
significantly different from both 1965 and 1969: 
Year 1965 
Mean (Nos. per net haul) 0.57 





From 24.12.80 to 19.4.82 phytoplankton productivity and other 
factors were monitored six times at Stations 2 and 3 and seven times at 
Station 4 (data, Appendices II-P to II-S) . Comparison of the 
conditions at the regional stations with those recorded at Station 1 
suggest the presence of a slight physico-chemical gradient in Lake 
Mahinerangi (Table II-14). 
Remembering that the stations were, in order from the uppermost 
basin, 2, 4, 1 and 3, there was generally a progressive increase in 
surface temperatures from upper to lower basins, the exceptions being: 
23.1.81 at Station 2; 24.12.80 at Station 4 and; 9.3.82 at Station 3. 
At all three stations, the waters were well saturated with oxygen and 
generally similar to those recorded at Station 1 (Table II-14) . Light 
attenuation generally decreased from upper to lower stations, the two 
major exceptions being: 4.11.81 at Station 2 and; 4.3.81 at Station 4. 
Similarly, chlorophyll concentrations were generally lower at Stations 
2 and 4 than at Station 1 and higher at Station 3 compared with 
Station 1. 
Table II-14. Surface temperature (°C) and percentage oxygen saturation, light attenuation (K~), and mean total pigment 
concentrations (mg.m-3) in the surface waters at Stations 2, 3, and 4 with the corresponding data recorded on the 
same day at Station 1. As an indication of the extent of any stratification at the regional stations, the differences 
between surface and bottom temperature and oxygen measurements are also presented (S-B). Seo Figure I-1 fol' the 



































































































































































































13.0 + 0,11 
13.8 + 0.5 
6.9 
8.4 + 0.1 
4.7 + 0.2 
8.8 + 0.5 
12.9 + 1.11 
13.0 + 0.3 
7.3 + 0.2 
11.8 + 0.4 
4.5 + 0.7 
12.4 + 2.1 
9.9+1.1 
6.6 + 0.4 




8.7 + 1.9 
8.8 
7.5 + 0,11 
3.4 
8.3 + 0.9 
4.2 + 0.5 
8.7 + 0.6 
10.7 + 1.1 
8.1 + 1.3 
8.0 + 0.3 
8.7 + 0.3 
5.8 + 0.3 
15.0 + 1.7 
13.5 + 2.4 
1.2 + o.o 
11.5 + 0.5 








Areal productivity estimates (mg C.~-2.h-1) for Stations 2, 4 and 
3 are presented along with corresponding Station 1 values in Fig. 
II-17 a to c. The two depth profiles for each sampling day were 












production, significantly (p < 0.05) 
different from Station 1 are indicated (Fig. II-17 a to c). 
Rates of production at Station 2 in the uppermost basin were 
similar to those at Station 1' during summer and autumn periods (Fig. 
II-17a). Low winter and spring production estimates are exaggerated as 
a result of the shallow depths at this station (Table II-14) caused by 
low winter water levels. Only corresponding depths were compared in 
the analysis of variance, however, and rates of production at Station 2 
during this period were significantly lower than at Station 1. 
Integrated productivity at Station 4 in the second basin (Fig. 
II-17b) was similar to that at Station 1 on all but two occasions 
(27.5.81 and 3.8.81) when Station 4 productivity was lower. At Station 
3 in the basin below the main station (Fig. II-17c), however, rates of 
production were significantly higher than at Station 1 on three of the 
six occasions. 
Figure II-17: Comparisons between integrated hourly 
phytoplankton productivity at: (a) Station Two; 
(b) Station Four; (c) Station Three; presented 
with the corresponding measurement at Station 1 on 
the same day. (mgCarbon.m-2.h-1). Arrows 
indicate significant (p < 0.05) difference between 
stations. See Fig. I-1 for location of stations. 
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II.4.1 Long-term Changes In Lake Mahinerangi 
Phytoplankton productivity appeared to be the most sensitive 
indicator of changes in the trophic status of Lake Mahinerangi. Over 
the period 1964 - 1982, phytoplankton productivity in the lake has 
risen substantially. Other indices commonly used to monitor changes ip 
trophic status in lakes, namely chlorophyll ~ and Secchi disc 
transparency, showed little change over this period. From the trophic 
classification for average annual productivity (Wetzel 1983), this 
lake, which was originally oligotrophic, is now mesotrophic. 
Increased nutrient supply is the most likely cause of the increase 
in phytoplankton productivity. Using multiple regression on the annual 
curves of light saturated photosynthesis rates for 1964-66, Mitchell 
(1971) found that much of the variation could be accounted for by the 
three physical factors: water level, temperature and daylength. 
Substitution of the 1968-70 physical data into the equation derived 
from the 1964-66 rates led to underestimated P-max rates on over half 
of the sampled occasions (Mitchell 1975b) . Mitchell was unable to 
separate the effects of nutrient inputs as a result of higher water 
levels from those of agricultural development in the catchment as the 
cause of higher productivity during 1968-70. When the 1980-82 data 
were substituted into the regression equation, none of the increase in 
P-max was explained; all rates were underestimated by a factor of 
between 2 and 14. Changed generation practices have led to regular 
annual fluctuations in water level in Lake Mahinerangi since 1967 (Mr G 
R McDermid, Dunedin City Council Electricity Department, pers. comm. 
to Dr D Scott) similar to those of the present study (see Fig.I-3 and 
) 
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Section I.2). While it is possible for nutrients to be supplied from 
newly inundated regions after an increase in the water level, the rate 
of supply is likely to be relatively constant from year to year. This 
source alone is unlikely to have led to the cumulative increase in 
phytoplankton productivity in Lake Mahinerangi. Greater nutrient 
inputs from the effects of increased land development and agricultural 
practices are the most likely cause of this increase. 
Due to the lack of early data for most forms of N and P, it is 
difficult to draw conclusions about the trends in nutrient 
concentrations in Lake Mahinerangi. Concentrations of dissolved 
reactive phosphorus, the only nutrient for which long-term records were 
available, have increased significantly since 1965 (Table II-5) . 
Levels of nitrate-N, measured since 1974, have remained at or near the 
lower level of detection (Table II-7). Average annual concentrations 
of TP (23.8 ug.l-1 for 1981 and 1982) and TN (200 ug.l-1 for 1982) are 
within the range of concentrations (TP, 6.4 32.1; TN, 136 308 
ug.l-1) for New Zealand lakes which White (1983) classified as 
mesotrophic. Lake Mahinerangi is typical of many of New Zealand's 
oligotrophic and mesotrophic lakes where concentrations of inorganic N 
are low relative to Total N (White 1983) . The predominant form of 
inorganic N was ammonia but it is clear the largest fraction (always 
greater than 77%) of total nitrogen was in organic form. 
Linear regressions of chlorophyll ~ concentrations and P-max rates 
against DRP, TP, NH4-N, N03-N and TN concentrations indicated no 
significant correlations between in-lake concentrations and 
phytoplankton biomass and productivity. 
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The different seasonal cycles of TP and TN (Figs. II-8 and II-9) 
generated a seasonal cycle in calculated TN : TP ratios (Appendix 
II-L). For the available TN data, TN : TP ratios varied from 4.0 to 
15.6 with an average for 1982 of 8.8 and were highest during the summer 
1981/82. Seasonal trends were less evident in inorganic N : inorganic 
P ratios (DIN : DRP; Appendix II-L) which averaged 1.4 for 1981 and 6.6 
for 1982 (range 0.1 to 15.9). Low average TN : TP and DIN : DRP ratios 
suggest that nitrogen is the probable limiting primary nutrient in Lake 
Mahinerangi. Increased concentrations of DRP since 1964 support this 
conclusion. N : P ratios provide only an indication of nutrient 
limitation, however, as in situ nutrient concentrations do not 
necessarily reflect rates of supply and turnover. 
The lack of a significant increase in chlorophyll E. concentrations 
in Lake Mahinerangi is surprising considering the very significant 
increase in phytoplankton production (Fig. II-10). The effects of 
changes in nutrient supply are generally considered to act on algal 
biomass and not on the production per unit biomass (Kalff and Knoechel 
1978; Tilman et al. 1982). Rates of production per unit biomass are 
generally considered to be similar in oligotrophic and eutrophic lakes 
(Kalff and Knoechel 1978) . 
Assimilation rates (mgC. (mgChl)-1.h-1, at the depth of P-max) 
calculated for three different periods in Lake Mahinerangi are 
presented along with rates from other lakes in Table II-15. Mean 
assimilation rates in Lake Mahinerangi were 0.76, 1.44, 4.32 and 7.74 
mgC. (mgChl)-1 .h-1 for 1964-65, 1969, 1981 (uncorrected) and 1981 
(corrected for phaeopigment} respectively. Assimilation data are 
similar from other New Zealand lakes of widely differing trophic 
~l 
Table II-15. Assimilation rates for a variety of New Zealand and some overseas lakes, 
Lake Period Trophic Status 
New Zealand: 
Haipori Feb-June 1965 Oligotrophic 
Taupo 1979 Oligotrophic 
Waikaremoana 1980-81 Oligotrophic 
Tomahawk Feb-Aug 1965 Eutrophic 
Lagoon 
Hayes 1970 Eutrophic 
1971 
Johnson 1970 Eutrophic 
1971 




ELA lakes 1969 Oligo- to 
mesotrophic 
loch Leven 1968-69 Eutrophic 
loch Neagh 1970-72 Eutrophic 
Mcllwaine 1975-76 Eutrophic 
Hartbeespoort 1981-82 Hypertrophic 
Dam 
a Chlorophyll estimates uncorrected for phaeopigment. 
b 1980-1981 data,same source. 
c Scar-Unesco calculation. 
d Monochromatic calculation correcting for phaeopigments. 
P max range 
3 -1 (mg C. m ,h ) 




10.8 - 30.8 
3.1 - 62.2 
12.3 -147 
12.4 - 44.2 
1.2- 4.8 
4.9-11.1 






e Production determined by 02 method - converted to carbon by division by 3, 
Chlorophyll a 
-3) range (mg.m 
0,9- 4.6 8 
0.6 - 2.6b 




2.1 - 64.0 
3.5- 23.0 
1,3- 10.7a,c 
2.2 - 9.4~·.~ 









-1 -1) (mgC. (mgChl) .h 
0.7- 8.3 
2.5 - 7.0 
1.0 - 3.0 
0.6 - 5.1 
1.6- 7,3 





2.1 - 7.6 
3.8 - 10.8 
0 - 23.4 11 
0.6 - 7 .4a' e 
1.1 - 4. 3a' e 



























status. In Lake Mahinerangi, while chlorophyll levels show little 
change, increased productivity has led to a six-fold increase in the 
calculated assimilation rates (Table II-15). The 1964-65 assimilation 
rates are very low, however, relative to the other oligotrophic lakes. 
Fee (1979) noted shifts in primary production per unit chlorophyll 
in fertilized lakes in the Canadian Experimental Lakes area. He 
attributed the changes to major shifts in phytoplankton composition as 
a result of differential zooplankton grazing. Alternatively, differing 
chlorophyll extraction efficiencies from the different algal groups may 
result in changes in assimilation rates. In Lake Mahinerangi, however, 
there appears to have been no major qualitative changes in 
phytoplankton composition since 1965 (Section II.3.10), so these 
factors seem unlikely to explain increased assimilation rates in this 
lake. 
In other studies chlorophyll degradation products, phaeopigments, 
have been found to contribute up to approximately 80 percent of the 
total chlorophyll ~ content in freshwaters (Glooschenko et al. 1972; 
Riemann 1978; Rai 1978) . During the present study, phaeopigments were 
always present (Fig. II-12) and constituted between 13 and 86 percent 
of the total pigment. Phaeopigment concentrations were highest when 
chlorophyll~ levels were low. Trichromatic equations for chlorophyll 
~ do not correct for phaeopigments and may therefore lead to 
overestimates if phaeopigments are present (Nusch 1980), and the 
1980-82 pigment data emphasize this point. The use of trichromatic 
equations for chlorophyll estimation is now no longer recommended 
(Marker et al. 1980). 
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Phaeopigments may be produced in a lake as a result of zooplankton 
grazing, photo-oxidation, nutrient limitation, shade adaptation and 
degradation in the sediments (Glooschenko et al. 1972; Rai 1978; Swain 
1985) • Allochthonous sources of phaeopigments, from decaying 
terrestrial vegetation, are often a dominant source of phaeopigments in 
the sediments of oligotrophic lakes (Sanger and Gorham 1973; Gorham and 
Sanger 1975) . With increasing trophic status the importance of 
allochthonous sources decreases as the contribution from autochthonous 
sources increases. 
In this study, there was no correlation between zooplankton total 
numbers and phaeopigment concentrations observed in other studies where 
zooplankton grazing was considered important for phaeopigment formation 
(e.g. Glooschenko et al. 1972; Rai 1978). Terrestrial pigments, from 
soil humus layers and peat areas were considered the major fractions of 
the sedimentary pigments in the recent past (i.e. the last 10,000 
years) of Lake Maratoto, North Island, N.Z. (Dr J D Green, pers. 
comm.). Peaty, bog areas amongst the tussock vegetation may have been 
a significant source of degraded chlorophyll pigments in Lake 
Mahinerangi prior to land development. Frequent lake mixing would 
serve to prolong suspension of detritus in the water column and 
resuspend settled particles from the bottom sediments. 
The 1964-65 and 1969-70 chlorophyll estimates, calculated using 
the Seer-Unesco trichromatic equation, may, therefore, have 
significantly overestimated chlorophyll ~ concentrations due to the 
presence of phaeopigments in organic detritus from allochthonous 
sources, which may explain why assimilation rates for this period were 
extremely low. 
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Separation of phytoplankton productivity in Lake Mahinerangi into 
size components indicated the significant contribution made by net 
plankton to the overall form of the annual productivity curve. 
Nannoplankton productivity remained relatively constant and did not 
appreciably increase in spring 1981 (Fig. II-11) even though large 
numbers of small cells (Table II-12, Fig. II-13a) led to increased 
cell volume at this time (Fig. II-13b). In general, the share of net 
plankton in primary productivity rises with trophic status, as 
eutrophication favours the occurrence of large phytoplanktonic forms 
(Findenegg 1965; Kalff and Knoechel 1978). This generally results in a 
greater temporal variation on the part of net plankton compared to 
nannoplankton in eutrophic lakes (Kalff 1972; Gelin 1975; Gelin and 
Ripl 1978; Pollinger and Berman 1982) although ·the role of 
nannoplankton can often still be important (e.g. Rai 1982; Godfrey 
1982) . 
The floristic composition and biomass of the size fractions 
separated in this study were not investigated. From samples taken 
during 1976 - 1980, Mitchell and Galland (1981) stated that 26 urn mesh 
partially separated dinoflagellates, retaining few other cells but 
allowing approximately 10 percent of the dinoflagellates to pass 
through. Based on the relatively precise particle separation from 
Nitex screens (Sheldon and Sutcliffe 1969), measurements made of cells 
for volume estimates confirm that, with a diameter between 27 - 33 urn, 
Gymnodinium would be the most common species retained by the mesh. The 
regression of P-max versus Gvmnodinium concentration was highly 
significant (r 0.75, p < 0.001; P-max = 20.73 + 0.09 Gymnodinium/ml). 
The intercept is higher than the average level of nannoplankton 
production (Fig. II-11) which suggests that some other large 
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phytoplankton species were also retained by the mesh. Other genera 
which occasionally had single dimensions greater than 26 urn were; large 
colonies of Coelastrum and Dyctiosphaerium, chains of both species of 
Melosira and spinous forms of Staurodesmus and Staurastrum. 
Mitchell and Galland (1981) reported a regression for 1976-80 of 
P-max = 8.02 + 0.2 Gymnodinium/mi. The intercept of the regression 
derived from the present study is higher which suggests that the 
contribution to P-max from other phytoplankton has also increased. The 
slope of the regression was lower in my regression indicating a lower 
relative contribution from Gymnodinium to P-max during 1980-82 than in 
1976-80. 
Maximum phytoplankton volume has been used as an index of the 
trophic status of lakes. Lakes containing less than 1 rom3.1- 1 are 
considered to be oligotrophic and those containing greater than 3 5 
mm3.1-1 eutrophic (Vollenweider 
Mahinerangi was 2.91 mm3.r1 (Fig. 
classification of mesotrophy. 
1968). The maximum volume in Lake 
II-13b) which supports the previous 
Increasing eutrophication of Lake Mahinerangi has not led to major 
qualitative changes in the dominant phytoplankton species. Gymnodinium 
and Cyclotella were the dominant species present throughout most of 
1981-82. The appearance of heterocystous Anabaena flos-aguae, a 
typically eutrophic species (Hutchinson 1967; Flint 1975} may be taken 
as evidence of both the lake's increasing trophy and perhaps also of 
nitrogen limitation. Melosira is described by both Hutchinson (1967) 
and Jolly (1977) as a diatom genus indicative of eutrophic waters. Its 
arrival in Lake Mahinerangi therefore appears to provide further 
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evidence for eutrophication of the lake. Throughout New Zealand, 
however, both M. distans and M. granulata have been reported from 
lakes of widely differing status (e.g. Flint 1975, in numerous lakes; 
Fish 1975, eutrophic Lake Rotorua and mesotrophic Lake Rotoiti; Magadza 
1978, eutrophic Waikato hydro lakes; White et al. 1980, oligotrophic 
Lake Taupo) . 
Chemical enrichment, by promoting increases in the standing crop 
of phytoplankton, can result in increases in biomass of zooplankton, as 
well as changes in the composition of the zooplankton (Brooks 1969) . 
Although biomass measurements were not made, total zooplankton 
abundance has only significantly increased during winter in Lake 
Mahinerangi. 
In Lake Mahinerangi, the relative composition of copepods, 
cladocerans and cyclopoids does not appear to have changed markedly 
since 1965 (Figs. II-15 a to c). The only significant change in 
species composition was an increase in the largest cladoceran Daphnia 
carinata. Mitchell (1975b) noted an increase in cyclopoid numbers from 
1965 to 1969 but this trend was not maintained to the present. Changes 
in zooplankton composition in relation to trophic status have often 
been attributed to size dependent competition and predation by fish 
(Brooks and Dodson 1965; Brooks 1969; McNaught 1975; Bogdan and 
McNaught 1975; Goulden et ~- 1978) . In the absence of predation, 
increased algal abundance generally favours large zooplankton (McNaught 
1975; Bogdan and McNaught 1975; Goulden et ~- 1978; Mitchell 1975b) 
and there are many examples of increases in the importance of 
cladocerans with increases in trophic status (Brooks 1969; Patalas 
1972; McNaught 1975; Smyly 1978; Ravera 1980; Muck and Lampert 1984). 
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The increase in Daphnia in Lake Mahinerangi has occurred even 
though predation by fish cannot be ruled out as an important influence 
in controlling zooplankton composition in the lake. There are five 
species of fish present in Lake Mahinerangi. Rainbow trout (Salmo 
gairdnerii R.) were introduced to the lake from 1965 to 1971, adding to 
the already established introduced stocks of Brown trout (Salmo trutta 
L.) and Perch (Perea fluviatilis L.). Two native fish species, the 
bully Gobiomorphus cotidianus M. and galaxiid Galaxias brevipinnis G., 
are also present. Of these fish, trout do not appear to consume 
zooplankton (Barr 1968) although young perch do feed solely on 
zooplankton (Duncan 1963, 1967) . Of the two small endemic species, the 
larvae of Galaxias brevipinnis almost certainly feed on zooplankton in 
surface waters (McDowall 1978). Gobiomorphus cotidianus. probably feeds 
on zooplankton as well as lake bottom species (McDowall 1978) although 
consumption at open water sites may be small from this principally 
littoral fish (Chapman et al. 1975)~ There is much evidence to 
suggest that this predation on zooplankton is size selective (e.g. 
Hrbacek et ~- 1961; Hall et ~- 1976) . However, Daphnia is also 
found in Lakes Taupo and Waikaremoana, both of which contain introduced 
trout and the smelt (Retrooinna retrooinna) which has planktonic fry 
(Chapman et al. 1985). The importance of fish predation as a factor 
controlling zooplankton abundance in New Zealand lakes is largely 
unresolved; Chapman et al. (1975) postulate it is unimportant, while 
Burns and Mitchell (1980) suggest it is responsible for the rarity of 
D. carinata in lakes in New Zealand. 
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II.4.2 Regional Variations In Lake Mahinerangi 
Regional variations in phytoplankton production in Lake 
Mahinerangi did not appear to be the direct result of temperature 
differences between basins because ratios of areal productivity at 
Station 1 to those at the corresponding regional station were not 
significantly correlated with temperature differences between the two 
stations (n = 18, r = -0.30, p > 0.10). 
Mitchell and Galland (1981), found that in stratified conditions 
vertically migrating dinoflagellates were below the depth of the 
euphotic zone at the time of my sampling, and productivity at a 
stratified station would thus be lowered. Weak stratification was 
recorded on two occasions (13.2.81 and 14.1.82) at Station 3 (Table 
II-14) both when Station 1 was isothermal (Appendix II-H) . On both of 
these occasions, however, productivity was higher at Station 3 than at 
Station 1 (Fig. II-17c). 
Mitchell and Galland (1981) noted the effects of vertical 
migration on lowering midday P-max values during an "unusually 
prolonged period of stratification" of 3 - 4 °C. In my study, 
stratification of greater than 3°C was recorded only once, on 24.12.80, 
at both Stations 1 and 4 (Table II-14) . Phytoplankton productivity was 
similar at both stations on this day and the P-max rates were 
comparatively low (Fig. II-17b). P·-max rates were, however, also low 
around this date when Station 1 was near to being isothermal (Figs. 
II-2 and II-10). P-max rates were low due to depressed phytoplankton 
biomass during summer (Figs. II-·12 and II-13 a and b) . There were 
significant regional differences in productivity on eight other 
occasions during periods of no stratification. Thus, the effects of 
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stratification did not appear to be an important factor governing 
regional variations during 1980-82. 
Although the regional productivity data from 1965 (Mitchell 1971) 
and 1968-69 {Mitchell unpubl.) were derived from incubations at only 
two depths (usually 0.5 and 1 ro), this provided enough information for 
me to compare the replicated log transformed data by ANOVA. On all 
occasions, productivity at Station 2 was significantly lower (p < 0.05) 
than at Station 1. Productivity at Station 4 on one occasion was 
significantly greater and on the other significantly lower than at 
Station 1. On only two out of six occasions were Stations 1 and 3 
significantly different, with productivity at Station 3 being greater 
on one occasion and lower than at Station 1 on the other. These 
results and those of the present study (Fig. II-17) suggest regional 
differences in productivity are due to a slight trophic gradient of 
increasing production down Lake Mahinerangi. As noted earlier, there 
were corresponding gradients in temperature, light penetration and 
chlorophyll ~ (Table II-14) . This gradient appeared to be most marked 
from the uppermost basin (Station 2) to the main sampling station. 
Longitudinal gradients appear to be common in lakes of long, 
narrow morphometry and have been reported in both reservoirs (Viner 
1970; Gloss et al. 1980; Kennedy et ~- 1982) and natural lakes (Ross 
and Kalff 1975; Peters 1979; Carmack et ~- 1979). The underlying 
cause of these gradients is usually inflows of water and localized 
nutrient inputs. The typical pattern for gradients is one of 
decreasing chlorophyll concentrations and phytoplankton productivity 
from the inflow to outflow regions of the lake (Ross and Kalff 1975; 
Gloss et g. 1980; Kennedy et al. 1982). The trend of increased 
productivity and chlorophyll concentrations down the axis of Lake 
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Mahinerangi could be the result of high nutrient inputs from side 
tributaries (Nardoo, Lammerlaw and Northwest streams) and 
agriculturally developed land surrounding the shores of the lake (see 
Chapters Four and Five) . 
The progressive increase in light penetration along the lake may 
be the result of greater resistance to complete mixing at the deeper 
stations. The trophic gradient was most marked during winter and 
spring when water levels were lowest (Table II-14) which suggests that 
water level fluctuations may be important in determining the magnitude 
of the gradient. 
II.4.3 The Contribution Of Phytoplankton To Light Extinction 
Light attenuation (K) may be partitioned into algal and non-algal 
components (Bannister 1974; Ganf 1974; Megard et al. 1979): 
where Kw 
K Kw + Kc.Chl ~ 
is the average background attenuation 
coefficient (m4); 
Chl ~ represents an estimate of phytoplankton 
biomass (mg .m-~ and; 
Kc is the increment in vertical attenuation 
per unit algal chlorophyll concentration. 
Kc and Kw can be determined by regression analysis with light 
attenuation and chlorophyll £. Such analyses have been undertaken for 
a variety of lakes, and as could be expected, all showed positive 
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values for Kc (Talling et al. 1973; Gelin 1975; Bindloss 1976; Jewson 
1977; Jones 1977; Jewsoh and Taylor 1978; Robarts 1979; Harris et al. 
1980; Field and Effler 1983; Priscu 1984) . Other studies have shown 
that Secchi disc transparency (S.D.) shows strong inverse correlations 
with chlorophyll~ (Carlson 1977; Walmsley et al. 1980; Megard et al. 
1980). In Lake Mahinerangi, however, both these well established 
relationships were reversed (Figs. II-18 and II-19). Chlorophyll~ 
showed a highly significant correlation with S.D. (n = 24, r = -0. 65, 
p < 0.001) and was approaching statistical significance with K (n = 23, 
r = -0.25 1 0.2 > p > 0.1). The points in Figs. II-18 and II-19 are 
distinguished on the basis of the relative contribution of net- and 
nannoplankton to phytoplankton productivity (Fig. II-11; contribution 
of fraction over 50%) and confirmed by the total biomass (Fig. II-13). 
Clearly, the greatest light penetration occurred at times of high 
phytoplankton biomass, but when phytoplankton were dominated by large 
cells. 
In a series of theoretical papers, Kirk (1975a, 1975b, 1976) 
demonstrated the importance of cell size on light attenuation. By 
disposing a given biomass into a smaller number of larger particles, 
light attenuation is decreased. The increment in attenuation per unit 
Chl ~, Kc, is lower for larger than for smaller cells (Talling 1971; 
Kirk 1975b, 1976; Harris 1978). For a given change in biomass, light 
attenuation will be altered to a greater extent in a population of 
small cells, than for a population of large cells. Therefore, in a 
natural population of mixed small and large cells, changes in light 
attenuation should reflect the changes in biomass of the smaller cells 
to a greater degree than changes in the larger cells. 
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Figure II-18: The relationship between the vertical attenuation 
coefficient, K, and phytoplankton biomass expressed 
as Chlorophyll a concentration. 
Open circles denotes crops consisting mainly of 
nannoplankton, filled circles denotes crops consisting 
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Figure II-19: The relationship between Secchi disc transparency 
(m) and phytoplankton biomass expressed as 
Chlorophyll a concentration. 
Open circles denotes crops consisting mainly of 
nannoplankton, filled circles denotes crops 
consisting mainly of netplankton. 
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That S.D. fluctuations in Lake Mahinerangi were the result of 
changes in abundance of the smaller cell fraction is shown by the 
reversed slope of the regression between S.D. and the remaining total 
cell biomass after the large cells (Gymnodinium and Coelastrum 
colonies) were subtracted (Fig. II-20; n = 21, r = 0.56, p < 0.01; for 
light attenuation, K, Fig. II-21, n = 21, r = 0.73, p < 0.001). For a 
significant increase in S.D. transparency to have occurred when large 
cells were abundant, there must have been a concomitant decrease in the 
abundance of smaller cells. That this was occurring is shown by the 
negative regression of the large cell against the smaller cell volumes 
(n = 23, r = -0.37; improved to r = -0.56, p < 0.005 with log 
transformed data) . In Lake Mahinerangi, the effects of changes in 
"package size" of the phytoplankton on light attenuation overide those 
of total pigment concentrations. 
It is generally accepted that phytoplankton begin to contribute 
significantly to light attenuation at concentrations above 
approximately 10 mg Chl ~.m~3 (Talling 1960; Kirk 1975b, 1977b). This 
study has demonstrated that at low chlorophyll concentrations, 
fluctuations in background properties, Kw, are not necessarily the only 
significant factor contributing to poor regressions of K or S.D. on 
Chl ~· Seasonal changes in mean cell size, and hence Kc, may also be 
important. 
In Lake Mahinerangi, when phytoplankton biomass and productivity 
were high, the phytoplankton were dominated by large species, and hence 
Kc values were lowest. These seasonal changes in cell size reduce 
effects due to self shading. The relationship between P-max and hourly 
production per m2 (P-area) remains strongly linear which indicates that 





























Figure II-20: The relationship between Secchi disc 
transparency and volume of small cells, 
Lake Mahinerangi, 1981-82. 
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The relationship between light attenuation, 
K, and volume of small cells, Lake Mahinerangi, 
1981-82. 
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productivity since 1964 (n = 99, r = 0.94, P-area = 3.58 + 2.37 P-max). 
In the long term, variations in cell sizes between years, may explain 
the lack of _any significant trend toward decreasing Secchi disc 
transparency since 1965 (Table II-1, Section II.3.3). 
Kc values may vary up to three-fold depending on the size, shape 
and pigment composition of the cells (Kirk 1976) . With phytoplankton 
species succession, Kc will vary considerably within a single year in a 
lake, as suggested by this study and others (e.g. Schanz 1985). 
Furthermore, there is evidence that Kc can vary differently with depth 
in different coloured waters (Atlas and Bannister 1980) . Because of 
this factor and variations in background extinction (Kw) between lakes 
(Lorenzen 1980 and Megard et al. 1980), plots of K or S.D. on Chl ~ 
will, therefore, be extremely lake-specific (e.g. Megard et al. 1980; 
Carlson 1980) . This suggests that general models relating the 
transparency of lakes to lake trophic status (e.g. Carlson 1977) 
should be applied with caution. In addition, generalized models which 
predict integrated production from attenuation and chlorophyll 
concentration (e.g. Bannister 1974) assume a constant Kc and must, 
therefore, be applied to individual lakes carefully. Consideration of 
variable light conditions between lakes may also pertain to general 
models which predict integrated production from TP concentration (e.g. 
Vollenweider and Kerekes 1980; Zdanowski 1982; see Section V.3.9). 
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CHAPTER THP£E 
NITROGEN AND PHOSPHORUS LIMITATION STUDIES ON L~~E MAHINERANGI 
III.l INTRODUCTION 
In order to predict the effects of changes in nitrogen and 
phosphorus loads on phytoplankton biomass in lakes it is necessary to 
know which nutrients are limiting ph~toplankton growth. The ratio of 
the total, inorganic, or seston concentrations of N and P in lakewater 
may provide an indirect measure of their potential limitation 
(Chiaudani and Vighi 1974, 1975; Vincent 198lb; White et al. 1982; 
Smith 1982; OECD 1982; Kalff 1983). At best, however, N : P ratios 
will provide only an approximation of the relative availability of N 
and P to algae because availability is related to rates of supply of 
available forms of N and P rather than to concentrations at a 
particular moment in time. 
Experimental bioassay, a technique used to monitor algal responses 
to added nutrients, is a direct method of determining nutrient 
\ 
limitation. Bioassay methods include: the 14C short-term 
photosynthesis-enrichment bioassay, longer term growth experiments, 
physiological bioassays, and artificial enclosure experiments in situ. 
The 14C short-term photosynthesis-enrichment bioassay, involving 
incubation periods of 4 to 6 hours, has been used widely (e.g. Tranter 
and Newell 1963; Goldman 1964; Goldman and Carter 1965; Wetzel 1965; 
Prakesh and Rashid 1968; Goldman 1972). Recently, however, this 
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bioassay has been criticized for failing to detect N and P limitation 
(Peterson et al. 1974; Gerhart and Likens 1975; O'Brien and deNoyelles 
1976; Ignatiades 1977). The physiological basis of the assay has also 
been questioned (Healey 1973a, 1979; Lean and Pick 1981). Nutrient 
deficient cells, supplied with added nutrients, redirect metabolism 
toward nutrient uptake and away from photosynthesis (Healey 1979) . Net 
photosynthesis is, therefore, almost always initially depressed during 
N and P uptake (Healey 1979; Lean and Pick 1981; Lean et al. 1982). 
In light of this evidence, this bioassay can be regarded as 
inappropriate for determining N and P deficiencies in algae. 
Long-term growth experiments take four major forms: 
1. Batch culture experiments using natural phytoplankton populations 
(e.g. Menzel et ~- 1963; Moss 1969; Sakamoto 1971; Schelske et 
~- 1974; Thomas et ~- 1974; Schelske et al. 1975; ~lliite and 
Payne 1977, 1978; Schelske et al. 1978; Mitchell and Burns 1981; 
Lovstad 1984b) . Results have been in general agreement with those 
of other bioassays (Gerhart and Likens 1973; Storch and Dietrich 
1979); 
2. Batch culture with substitution of the natural phytoplankton 
population by a cultured test alga (Smayda 1974; Thomas et al. 
1974; Chiaudani and Vighi 1974, 1975; Prosperi et al. 1975; Miller 
1978; Schelske et ~- 1978; Davis and DeCosta 1980; Box 
1983; McCoy 1983; Golterman 1983); 
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3. Specific deletion bioassays in which nutrient mixtures lacking only 
a single nutrient are added to lake water samples (Smayda 1974; 
Maslin and Boles 1978; Storch and Dietrich 1979; Lin and Schelske 
1981; de Haan et al. 1982); 
4. Continuous culture experiments in which natural phytoplankton or a 
test alga is grown in a chemostat using water from the lake of 
interest to which nutrients are added (Barlow et al. 1973; 
Peterson et al. 1974; Gerhart and Likens 1975; O'Brien and 
deNoyelles 1976; Storch and Dietrich 1979). This of 
experiment often involves a lengthy incubation period and may 
therefore be difficult to conduct routinely. Responses to 
enrichment have been measured as either phytoplankton cell counts, 
cell volume, dry weight, chlorophyll~' or rate of photosynthesis. 
The major disadvantages of long-term growth bioassays are 
associated with enclosure of the samples. Although these assays 
provide evidence of growth potential of algae, this is only with 
respect to the specific conditions of incubation (Vincent 1981a) . 
Enclosure isolates algae from natural cycles of light and temper~ture 
(Healey 1979), nutrients, and turbulence (O'Brien and deNoyelles 1976; 
Storch and Dietrich 1979). Prolonged enclosure may also lead to 
changes in species composition so that the response measured is that of 
the new community (Menzel et al. 1963; Moss 1969; Barlow et al. 1973; 
Healey 1979). Mitchell et ~· (in prep.) argue that growth in 
response to specific deletion enrichments results in a series of new 
communities or populations each limited by the nutrient in question. 
When small sample volumes are enclosed the photosynthetic capacity of 
the phytoplankton may decline rapidly (Venrick et al. 1977; Peterson 
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1980) . Responses to enrichment may therefore represent less than a 
return to prefertilization control levels and have little relevance to 
the natural phytoplankton population (Mitchell and Malthus 1984) . 
Bioassays using a test alga provide little information about 
nutrient limitation in the natural community (White and Payne 1978; Lin 
and Schelske 1981) . Using continuous culture experiments, Barlow et 
al. (1973) could not isolate one species that could be said to 
characterize the response of the original community. Indigenous algae 
in seven similar lakes studied by Davis and DeCosta (1980) tended to 
respond more rapidly than the test organism (Selenastrum in this case) 
to nutrient addition. Vincent (1981a) argues that this bioassay is 
inappropriate in lake waters where nutrient supply is highly dependent 
upon regeneration from the seston rather than the concentration of N 
and P substrates at any one instant. 
Bioassays based on the physiological characteristics of nutrient 
deficient algae appear to have a better experimental basis (Healey 
1973a) . Physiological studies on nutrient limitation are based on 
three approaches: 
1. Measurement of some aspect of the cellular composition of 
phytoplankton specific to individual nutrient deficiencies (Healey 
and Hendzel 1979; Maestrini and Kossut 1981); 
2. Measurement of nutrient uptake by phytoplankton (Healey 1973b; 
Vincent 1981a, 1981b; Nalewajko and Garside 1983; Kalff 1983); 
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3. Measurement of some metabolic change specific to a particular 
nutrient limitation (Viner 1973; Healey 1979; Vincent 1981a, 1981b; 
Vincent et al. 1984b). 
Although they may not reliably predict ·. long-term responses to 
changed nutrient loads, physiological bioassays provide both an 
indication of the nutritional state of the phytoplankton and a measure 
of N and P supply for in situ short-term growth of the algal community 
(Vincent 1981b) . Short incubation times also reduce the liklihood of 
results caused by artifacts .. However, no single physiological bioassay 
can be considered conclusive on its own as an indicator of nutrient 
demand or deficiency (Healey and Henzel 1979; Vincent 1981b; Glibert 
and McCarthy 1984) . 
Although in situ artificial enclosures do simulate surrounding 
natural conditions (Takahashi et ~· 1975), certain artificialities 
are imposed. Vertical mixing is often reduced inside enclosures 
(Verduin 1969; Boyce 1974) and this probably leads to increased 
phytoplankton sedimentation (Lack and Lund 1974; Davies and Gamble 
1979). Light attenuation is often increased also as a result of 
shading caused by the floatation apparatus at the surface (Takahashi et 
al. 1975). ]Q situ artificial enclosures have been commonly used for 
fertilization experiments in freshwater (Goldman 1962; Goldman and 
Carter 1965; Dickman and Efford 1972; Lack and Lund 1974; Ostrofsky and 
Duthie 1975; Gerhart and Likens 1975; Wilcox and DeCosta 1982; Melack 
1982) . Primarily due to the expense, however, sufficient 
replication has frequently not been included in many enclosure 
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fertilization studies. Long-term responses to fertilization may be 
highly variable. Mitchell et ~· (in prep.) found high variation in 
photosynthetic response among replicate enclosures seven days after 
fertilization depending on the volume of water enclosed and hence their 
level of fertilization. 
In an attempt to determine the seasonal variation in nitrogen and 
phosphorus limitation to algae in Lake Mahinerangi, a batch culture 
bioassay and two physiological assays were conducted at approximately 
monthly intervals from May 1981 to June 1982 using natural 
phytoplankton incubated in the laboratory. These bioassays were: 
1. Three day batch culture photosynthesis-enrichment. The method 
chosen was based on that of Storch and Dietrich (1979) but involved 
smaller incubation volumes. A three day incubation period was 
selected to eliminate the problems noted above with incubations of 
only a few hours. Responses were measured as 14C photosynthetic 
rate because it was a relatively quick, sensitive measure which 
reflects actual growth rates (Pridmore 1979) . 
2. Dark ammonium enhancement. This bioassay is specific for nitrogen 
limitation and is derived from the observation that nitrogen 
starved algae respond to enrichment with ammonium by increased dark 
C02 fixation (Syrett 1962). The method has been evaluated by 
comparisons with other bioassays, and has produced encouraging 
results (Morris et al. 1971; Yentsch et al. 1977; Vincent 1981a; 
Mitchell and Malthus 1984) . 
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3. Luxury uptake of nitrogen and phosphorus. This bioassay is based 
on the ability of N or P starved phytoplankton to take up either 
nutrient in excess of their requirements. Luxury uptake and 
storage can be monitored by changes in the seston N : P ratio upon 
enrichment with N and P (Vincent 198lb) . Accumulation of N and P 
into seston may be expressed as specific nutrient uptake rates 
calculated by the equation: 
V'n or p 1/t . Ln[(Seston Nor Pat tt)/ (Seston Nor Pat t 0 )] 
where V'n or p is in (days-1) and t is expressed in days (Vincent 
1981a) . 
Problems were encountered in interpretation of the routine, 
small-volume bioassays; in particular, marked declines in productivity 
were observed in the three day batch culture controls. As a result of 
this, two large scale in situ fertilization experiments using 
replicated plastic enclosures were carried out against which the three 
day batch culture and dark ammonium enhancement bioassays were 
compared. These took place in December 1982 and April 1983. It was 
anticipated that much additional information would be obtained 
concerning rates of uptake and depletion of N and P by the enclosed 
phytoplankton, changes in the phytoplankton co~nunity within the 
different treatments over the course of the experiment, changes in the 
zooplankton community, and loss rates of N and P from the system via 
sedimentation. Both experiments were, however, disrupted by strong 
winds, but initially yielded information to support the bioassay 
results. 
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II I. 2 METHODS 
III.2.1 Sampling 
Surface water samples were taken from either Station 1, or from 
Stark Bridge which spans the lake near to Station 1. (Table III-1). 
The bridge samples were collected using a clean 20 L polyethylene 
bucket suspended on a rope. The sample was transported in a clean 25 L 
polyethylene container which was rinsed six times before filling. 
During transport back to the laboratory, the container was kept in an 
insulated container to maintain stable water temperatures. 
After mixing, subsamples were taken for the bioassays and for pH, 
alkalinity, chlorophyll and nutrient analyses. 
Table III-1. The dates, locations, surface water temperatures and 
daylengths at the times of sampling for the laboratory 
bioassay experiments, Lake Mahinerangi, 1981 - 1982. 
Date Location Temperature ( °C) Daylength (hr) 
25.05.81 Station 1 8.0 9.1 
3.08.81 Station 1 4.0 9.6 
14.09.81 Bridge 5.2 11.7 
12.10.81 Station 1 10.0 13.1 
9.11.81 Station 1 11.3 14.6 
23.12.81 Bridge 15.9 15.8 
2.02.82 Station 1 15.3 14.5 
1.03.82 Bridge 16.3 13.2 
1.04.82 Bridge 14.8 11.5 
3.05.82 Station 1 10.5 10.0 
3.06.82 Bridge 6.9 8. 9 
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III.2.2 The Bioassay Apparatus 
Experimental flasks and bottles were kept at lake temperature (± 
in a continuously circulating system (Fig. III-1) . This 
consisted of two large clear perspex tanks. Three Braun temperature 
regulating water pumps circulated water to the tanks from a constant 
temperature bath and the flow was returned via siphons. Two Techne 
refrigeration units were required to reduce water temperatures to the 
low winter lake values. Constant illumination at approximately 180 
uEin.m-2.s-1 was provided by cool white fluorescent lamps. Light/dark 
cycles matched the day/night regime at the time of sampling. Dark 
ammonium enhancement bottles and three day batch culture flasks were 
incubated in Tank 1 (Fig. III-1B). Tank 2 held the 24 hour luxury 
uptake flasks (Fig. III-1C). 
III.2.3 Nutrient Stocks And Treatment Of Glassware 
Stock solutions of 1 g.l-1 for N and P additions were prepared 
from analytical grade KH2P04 and NH4Cl salts with distilled water that 
had previously been passed through a Milli-Q system (Millipore 
Corporation, Massachusetts) . 
All glassware used in the bioassay experiments was washed with 
Decon 90 phosphate-free detergent (Decon Laboratories Ltd., England) 
followed by six rinses each of tapwater, distilled water and distilled, 
Milli-Q water. The glassware was dried at 120°C in a drying oven and 
protected from contamination before use with aluminium foil. 
Figure III-1: Bioassay incubation apparatus. 
A. Side view of whole apparatus. 
B. Overhead view of Tank 1. Flasks at top of Tank 
three-day 14-C bioassay. Foil covered bottles at 
bottom are ammonium-enhancement bioassay. 
C. Overhead view of Tank 2. Contains flasks for 24 




III.2.4 Bioassay 1 - Three Day Batch Culture 
Twelve 300 ml subsamples of lake water were dispensed into 500 ml 
conical flasks (three treatments each of Control, 
Nitrogen and phosphorus were added in concentrations 
NH4-N and 10 ug.l-1 phosphate-phosphorus (P04-P). 
+N, +P, +NP). 
of 100 ug.l-1 
The flasks were 
mixed, capped with aluminium foil and incubated in Tank 1 for three 
days. Each flask was mixed once daily to resuspend any material that 
may have settled. On Day 3, one 140 ml productivity bottle was rinsed 
and filled, from each sample. Samples were then incubated for two 
hours in the same tank after addition of 1 ml NaH14co3 . Ten millilitre 
subsamples, one from each bottle, were filtered and counted as for 14C 
in situ productivity (see Section II.2.4-A). 
III.2.5 Bioassay 2 - Ammonium Enhancement Bioassay 
The method used for the ammonium enhancement bioassay was similar 
to that of Yentsch et ~- (1977) . One hundred ml samples of lake 
water were dispensed into ten 140 ml dark bottles, half of which 
received an addition of 100 ug.l-1 NH4-N as NH4cl. To all bottles 1 ml 
of NaH14co3 was added, then each was mixed and wrapped in aluminium 
foil to shade the sample completely. The bottles were then incubated 
for four hours. Following incubation, 10 ml subsamples were filtered 
onto 0.45 urn Millipore filters and counted as for 14C in situ 
productivity (see Section II.2.4-A). 
III.2.6 Bioassay 3 - Twenty-four Hour Luxury Uptake Of NAnd P 
Ten 1 L samples of lake water were dispensed into 1 L conical 
flasks (two Control, two +N, two +P, four +NP). Nutrients were added 
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in concentrations of 100 ug.l-1 NH4-N and 10 ug.l-1 P04-P. The flasks 
were capped with aluminium foil and placed in Tank 2 (Fig. III-1C). 
Fifty millilitre subsamples were withdrawn at O, 2, 6, and 24 hours 
following nutrient addition, and filtered through pre-baked 2.5 em 
Whatman GF/C filters. The filters were placed in clean 25 ml 
scintillation vials capped with Parafilm and were stored frozen until 
analysis. 
Particulate phosphorus on the filters was determined by the dry 
combustion method (Solorzano and Sharp 1980) using the scintillation 
vials as reaction vessels. For particulate nitrogen estimation the 
filters, plus 20 ml of deionised distilled water were digested as for 
the total nitrogen analysis (see Section II.2.3-D). 
III.2.7 Artificial Enclosure Experiments 
The enclosures (bags) were made from 0.5 mrn thick polyethylene 
sheets, heat sealed to form a tube 7 m long by 1.2 m diameter, which 
was closed at the bottom. They each enclosed approximately 5 m3 of 
water when full (Fig. III-2). The top was held open by an aluminium 
ring. Four pairs of polystyrene floats attached to the ring, held the 
opening extended approximately 30 em above the surface. The bag was 
secured to the ring by means of a thinner aluminium band clamped and 
riveted around the bag and ring. Two polypropylene ropes, attached at 
either end of the bag and extending to anchors below, were designed to 
keep tension off the bags themselves. 
The bags were suspended in Lake Mahinerangi in calm weather in 
approximately 10 m deep water, behind the causeway leading to Stark 






exterior to bags 




Figure III-2: Design of artificial enclosures used for the 
replicated in situ fertilization studies in 
Lake Mahinerangi, December 1982 and April 1983. 
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without floats, was lowered almost to the lake bottom and then slowly 
raised through the water column, filling the enclosure. The floats 
were attached and for further support, each bag was joined by rope to 
others nearby. 
Twelve bags were launched on 9.12.82 (three replicates each of: 
Control, +N, +P, and +NP), and eleven in the second experiment on 
10.4.83 (two +NP treatments only). The bags were fertilized in the 
ratio of 10 N : 1 P on the day following launching. Salts of 
analytical grade NH4cl and Na2 HP04 were dissolved in 1500 ml of lake 
water in plastic bottles immediately before the experiment. The 
solutions were added to the enclosures from a stoppered Tygon hose 
which was slowly raised through the water column to distribute the 
nutrients evenly. The concentration of nutrient each enclosure 
received was determined by the volume of water enclosed. In Experiment 
1, the TP and TN concentration data from Day 1 (Appendix III-D.2) were 
used to calculate levels of nutrient addition to the experimental bags 
(Table III-2). Each of the single addition N and P enclosures received 
similar nutrient doses. The NP enclosures, however, received 
substantially different amounts of nutrients. 
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Table III-2. Amounts of NH4-N and P04-P addition to individual 
enclosures (calculated from TP and TN data on Day 
1 as the difference between enclosure and control 
means) . Experiment 1, Lake Mahinerangi, Dece~ber 
·1982. (ug.l-1). 







NP1 140 8.0 
NP2 92 6.4 
NP3 58 5.7 
A single control sample was taken from each bag prior to 
fertilization (Day 0) and duplicate samples were taken on subsequent 
days. Integrated hose samples were taken to a depth of 6 m so as to 
avoid the bottom 0.5 m of each enclosure. Samples were collected in 
separate clean 2 L polyethylene bottles. On Day 0 surface lake water 
samples were also taken and the three day batch culture bioassay was 
begun in the laboratory. 
Adverse weather conditions determined subsequent sampling after 
fertilization and ultimately destroyed both enclosure experiments 
prematurely. In Experiment 1, in December 1982, all bags were 
successfully sampled on Day 1 but gale force winds on Day 2 destroyed 
four of the enclosures and prevented further sampling of those 
remaining. By Day 4 no enclosures were left intact. 
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In Experiment 2, in April 1983, a strong northerly wind prevented 
sampling on Day 1 and had capsized eight of the floating frames. 
Vertical splits in the plastic had developed in the top metre or so in 
most of the bags. On Day 4, only three bags (one each of control, N 
and NP) were left intact. Surface lakewater was added to these to 
replace water lost and the N and NP enclosures were refertilized. 
Following two calm days these were sampled on Day 6. Further strong 
winds following Day 6 split these bags open allowing the fertilized 
water to be diluted by lake water. 
Responses to fertilization were measured as 14C uptake from the 
duplicate water samples from each enclosure. Following addition of 
1 ml NaH14co3 , 100 ml samples were incubated for two hours in the 
bioassay tank system at lake temperature, and productivity was 
determined as in Chapter Two (see Section II.2.4-A). Duplicate 100 ml 
samples from each enclosure were also tested for N deficiency by the 
dark ammonium enhancement bioassay. The remaining water in each sample 
bottle was frozen for subsequent nutrient analysis. 
The statistical significance of responses in these experiments was 
tested using Student's t-tests between treatment and control means. 
,'> 
Table III-3. Concentrations (ug.l-1) of nitrogen and phosphorus, chlorophyll~ (Chl e) 
and phaeopigments (Ph) and N : P ratios in the Lake Mahinerangi samples 
used for the bioassay experiments, 1981-82. Each nutrient concentration 
is the mean of duplicate samples and chlorophll g and phaeopigment 
estimates are the means of three replicates. 
Date DRP TP NH4-N N03-N TN TN:TP DIN:DRP Chl s Ph 
27-05-81 14.9 30.9 24.0 NIL - - 1 • 6 3.2 9.4 
3-08-81 4.9 24.7 8.5 3.5 - - 2.4 2.0 10.5 
14-09-81 5.6 56.2 - NIL 425 7.6 
12-10-81 4.7 24.1 6.5 NIL 300 12.5 1.1.i 
9-11-81 4.5 31.3 2.4 NIL 219 7.2 0.5 3.4 2.4 
23-12-81 6.3 24.9 10.3 2.2 356 14.3 2.0 2.6 2.3 
2-02-82 2.9 19.9 5.6 9.4 315. 15.8 5.2 6.1 2.9 
1-03-82 5.2 19.5 12.2 3.2 - - 3.0 5.3 2.7 
1-04-82 4.4 20.5 2.4 NIL 227 11 • 1 0.6 11.8 3.7 
3-05-82 3.2 15.4 11.0 1.2 110 7.2 3.9 1 o. 1 3.9 







III.3.2 Three Day Batch Culture Bioassay 
Significant photosynthetic responses, to N, P, and NP additions in 
bioassays conducted between May 1981 and June 1982 are presented in 
Fig. III-3 (data, Appendix III-A) . Nitrogen addition led to 
significant increases in photosynthesis over control levels on seven 
occasions, during spring and early summer (September to December 1981) 
and autumn (March to May 1982) . Phosphorus added on its own increased 
14C uptake on only four occasions. On two of these occasions (October 
1981 and March 1982), significant responses were also recorded in the 
nitrogen treatments. Responses to NP additions were much greater than 
the separate additions of either nutrient (Fig. III-3), indicating 
that the addition of a single nutrient quickly led to exhaustion of the 
other. Significant responses to NP were recorded in 10 of the 11 
experiments with highest stimulation occurring during spring and early 
summer. Responses in this and the single addition treatments were much 
reduced during winter. In May 1981, when both NH4-N and DRP levels in 
the lake were high (Table III-3), no significant response was evident 
in any of the three treatments. In June 1982, there was a small 
photosynthetic increase in the NP treatment only. 
To determine the effects of prolonged enclosure on phytoplankton 
production in this bioassay, rates of photosynthesis in the control 
treatments on Day 0 were determined and compared to those on Day 3 
(Table III-4). In all three such tests, productivity in the control 
flasks had declined to less than half of the initial level after three 
days incubation. 
Figure III-3: Significant (95% confidence level in t-test 
between treatment and control) responses over 
control levels in monthly bioassay experiments, 
Lake Mahinerangi, 1981-82. 
Vertical bars: Three-day batch culture bioassay 
treatments (+N, +P, +NP). NS: denotes 
responses not significantly different 
from control treatments. 
·-----· Dark ammonium-enhancement bioassay (open symbols indicate responses 
not significantly different from 
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Table III-4. Phytoplankton productivity (mg ~.m-3.h-1) in batch 
culture control treatments before and after three 
days incubation. 
Date Day 0 Day 3 
9-11-81 18.2 7.8 
3-05-82 16.3 6.9 
3-06-82 28.0 12.8 
III.3.3 Ammonium Enhancement Bioassays 
Dark 14C uptake responses to additions of ammonium were measured 
on 10 occasions between August 1981 and June 1982 (Fig. III-3; data, 
Appendix III-B) . Ammonium enhancement displayed a distinct seasonal 
trend. There were two peaks, in spring 1981 and autumn 1982, when 
responses increased to over three times the control levels. These 
corresponded with periods of high phytoplankton biomass in the lake 
(see Fig. II-13) . There was a significant correlation between 
ammonium enhancement and sample chlorophyll ~ concentrations (n = 8, 
r = 0.76, p < 0.02). In summer (Deca~er 1981 to early March 1982), 
when levels of dissolved inorganic nitrogen were relatively high (Table 
III-3), there was little or no dark ammonium enhancement. There was no 
significant correlation, however, between the degree of ammonium 
enhancement and either DIN, the DIN : DRP, or TN : TP ratios. 
Large enhancement responses were sometimes accompanied by only 
slight stimulation in response to N additions in the batch culture 
bioassay (Fig. III-3) . On a qualitative basis, responses were 
consistent with the batch culture experiments on all except two 
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occasions; in December 1981 and March 1982, when slight, but 
significant responses to N in the batch culture were not accompanied by 
any dark ammonium enhancement. 
In August 1981 and June 1982, whilst positive responses were 
recorded, the results were not significant due to the high variability 
between replicates (coefficients of variation, 43% and 61% 
respectively) in the experimental treatments. The coefficient of 
variation for the combined routine enhancement experiments was 29.2%. 
In the enhancement experiments carried out in conjunction with the 
enclosure experiments, the filters were rinsed with 0.02 M HCl after 
filtration. This treatment was successful in halving the variability 
between replicates for this bioassay (coefficient of variation, 14.3%; 
Appendices III-D and III-E) . 
III.3.4 Twenty - Four Hour Luxury Uptake Bioassays 
Results of these experiments are presented as the amounts of N and 
P accumulated by the seston over 24 hours from the average initial 
(time 0) levels (Table III-5; data, Appendix III-C). The variability 
between duplicates was high for both seston P and N determinations 
(coefficients of variation 15% and 16.5% respectively). This high 
analytical variation made the results of this bioassay difficult to 
interpret. Significant uptake after 2 hours incubation could only be 
established when either uptake was extremely high or the variability 
between replicates was unusually low. It was not possible to 
distinguish differences in uptake between the single dose and NP 
treatments. In both single and NP treatments both Nand P appeared to 
be taken up by the seston over the twenty-four hour experimental 
period. 
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Table III-5. Changes in seston N and P concentrations over 24 hours in control, N, P, and NP 
treatments of the luxury uptake bioassays. Each figure is derived from the mean 
of duplicate seaton Nand P determinations. Significant increases indicated (*) 
from t-tests between treatment 2. 6, and 2~ hour responses and initial 
(time 0) pooled average seaton N and P determinations. Total dissolved 
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P uptake was particularly rapid in the first two hours in December 
1981, and February and April 1982, (maximum specific P uptake rates, 
V'p, of 5.2, 4.1, 7.3 days-1 respectively). Although highest uptake 
usually occurred within the first t~o hours, the seston continued to 
accumulate P so that, after 24 hours, significant uptake of P was 
recorded on all occasions in both P and NP treatments. In several 
experiments, notably December 1981 and February, April and May 1982, 
phosphorus was accumulated by the seston well in excess of the initial 
10 ug.l-1 P added at the beginning of the experiments. The amount of 
total dissolved phosphorus (TDP) initially present in the samples was 
calculated as the difference between initial lake water TP and seston P 
concentrations (Table III-5) . Clearly, the seston was capable of 
taking up other dissolved P forms present. On several occasions, 
however, notably February and April 1982, more P was accumulated than 
appeared to be present as TDP and added P. 
Luxury uptake was much more variable for nitrogen than for 
phosphorus (Table III-5) . Nitrogen appeared to be accumulated at a 
much slower rate than phosphorus. Significant uptake of N after two 
hours was recorded in only one treatment. After six hours only three 
treatments recorded significant uptake. After 24 hours, significant N 
uptake occurred in five of the six bioassays conducted during 1981. In 
two samples (September and December 1981) significant increases in 
individual control samples were recorded. 
Changes in the seston N : P ratios in the control and NP 
treatments indicate the higher uptake of P relative to N over the 24 
hour experimental period (Table III-6) . With the exception of May and 
November 1981, the ratios remained relatively constant in the control 
treatments. In the NP treatments the ratios always decreased over the 
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24 hour period, regardless of whether N limitatiqn was indicated by the 
other bioassays. 
Table III-6. Changes in the seston N : P ratios over 24 hours in 
the control and +NP enriched luxury uptake bioassays, 
calculated from mean duplicate seston N and P 
determinations. 
Date 0 2 6 24 
27-05-81 c 20.8 25.9 28.6 16.5 
NP 17.2 14.2 13.3 
3-08-81 c 10.8 11.3 10.3 9.8 
NP 8.1 8.9 7.8 
14-09-81 c 10.8 11.9 11.3 10.8 
NP 9.3 9.2 
12-10-81 c 12.8 . 15.8 14.0 10.6 
NP 10.6 10.3 10.2 
9-11-81 c 16.6 11.9 9.2 15.2 
NP 16.3 8.8 11.9 
23-12-81 c 14.0 14.6 15.3 16.0 
NP 12.6 10.0 8.7 
2-02-82 c 14.4 15.5 13.5 14.9 
NP 13.1 8.6 7.1 
1-03-82 c 12.2 13.6 14.0 14.0 
NP 12.5 9.8 8.3 
3-06-81 c 11.2 14.4 16.9 14.7 
NP 13.0 10.9 7.5 
Thus, with the luxury uptake bioassay, there was evidence that P 
was taken up faster than N. The lower variability between seston P 
replicates, however, meant that significant differences were easier to 
achieve with the luxury P uptake results. 
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III.3.5 In Situ Enclosure Experiments 
A. Experiment 1 - December 1982 
By Day 1, the photosynthetic response in the N enclosures was 
already significantly higher than the control enclosures (Table III-7; 
data, Appendix III-D), indicating that N was the primary limiting 
nutrient. These enclosures were already P limited, however, as shown 
by the greater photosynthetic response in the NP bags. Photosynthetic 
activity in the P enclosures was not significantly higher than in the 
control enclosures. Responses in the three day batch culture bioassay 
were consistent with those observed in the enclosures (Table III-7). 
The N responses were significantly higher than the control flasks while 
photosynthetic activity in the presence of both N and P was even 
higher. Responses to P, although slightly higher than control levels, 
were not significant. 
Results of the dark ammonium enhancement bioassay carried out on 
enclosure samples, are also consistent with the observed N limitation 
in the large enclosures (Table III-7) . Significant enhancement 
occurred in the control and P enclosures while in the enclosures with 
added N, enhancement was suppressed. 
Table III-7. Mean C± SE) ~hotosynthetic responses, and corresponding enhancement 
values on Day 1 in enclosures. Also results of laboratory three day 14C 
batch culture bioassay. All figures counts per minute. Enclosure 
experiment 1, Lake Mahinerangi, December 1982. 
Enclosures Enclosures Lakewater - Station 1 
Treatment 14C Uptake Ammonium Enhancement 3-Day Batch Culture 
Control Exptl. 14C Uptake 
c 22075 ( 95ll) 308.1 ( 37 .0) 4115.9 (7.2)* 8620 (306) 
N 25067 (640)* 231.9 (19.3) 219.2 (5.3) 13690 ( 830)*** 
p 23113 (216) 330.5 (46.3) 531.1 (30.7)* 10218 (732) 
NP 28583 (350)*** 209.0 ( 13. 8) 228.4 ( 13.0) 37991 (1111)*** 








B. Experiment 2 - April 1983 
Analyses of samples taken on Day 3 indicated that no added N or P 
remained in the fertilized enclosures (Appendix III-E.l). Of the three 
enclosures intact on Day 4, the ammonium enhancement bioassay indicated 
that each was N deficient although, as a result of high variability, 
the response for the control enclosure was not significant (Table 
III-8; data, Appendix III-E). 
Two days after refertilization, the 14C response in the N 
enclosure was higher than the control, but this increase was not 
significant (Table III-8). The NP enclosure gave the highest response 
indicating that the N bag was already P limited. On this day the dark 
ammonium enhancement bioassay indicated that only the control bag was N 
limited. 
In the three day batch culture bioassay there was also a slight 
but not significant response in the N flasks (Table III-8). Phosphorus 
added alone led to no increase in productivity and N and P added 
together again led to a much greater response. 
Table III-8. Mean (+ SE) photosynthetic responses and corresponding ammonium enhancement values in enclosures on 
Days 4 and 6. Also three-day batch culture bioassay. All figures counts per minute. Enclosure experiment 
2, Lake Mahinerangi, April 1983. Due to loss of nutrients all of the enclosures were effectively 






Enclosures - Day4 
Ammonium Enhancement 
Control Exptl. 
356.3 (65.4) 519.8 (25.6) 
. 25!1.6 (35. 7) 531.4 (18.9)** 
317.1 (13.0) 669.7 (lt2.7)** 
** p < 0.01 
*** p < 0.001 




32153 (591 )*** 
Enclosures - Day 6 
Ammonium Enhancement 
Control Exptl. 
252.4 (18.1) 484.4 (29.4)** 
198.5 (6.8) 233.3 (17.6) 
295.5 (29.6) 284.6 (8.6) 
Lakewater - Station 1 















III.4.1 Primary Nutrient Limitation In Lake Mahinerangi 
At various times during May 1981 to June 1982, phytoplankton in 
Lake Mahinerangi were limited by both nitrogen and phosphorus. 
Nitrogen was the primary limiting nutrient on most occasions, while 
· phosphorus was more limiting during the summer period. 
Compared qualitatively, there is agreement between the different 
bioassays used in this study. That concentrations of both N and P in 
this lake are close to limiting is illustrated by the much larger 
stimulation in the presence of both nutrients in the batch culture and 
in situ enclosure experiments. Addition of either N or P alone rapidly 
led to secondary limitation by the other nutrient. The speed with 
which this occurred was illustrated by Enclosure Experhnent 1 when, by 
the first day after fertilization, productivity in the NP treatments 
was already higher than in the single treatments. 
The ammonium enhancement and three day batch culture N treatment 
results suggest that nitrogen was the primary limiting nutrient during 
spring 1981 and autumn 1.982. Phosphorus was apparently limiting during 
summer 1981/82 although there was a lack of agreement between the two 
bioassays as to when the transition from primary N to P and back to N 
limitation occurred (Fig. III-3). In the batch culture bioassay N was 
replaced by P as the primary limiting nutrient between December 1981 
and February 1982. In March, however, responses to both Nand P were 
recorded. Over the period December 1981 to March 1982, there was a 
lack of dark ammonium enhancement (although P limitation is not 
necessarily implied) . The reduced response in both bioassays during 
winter suggest that physical factors, for example temperature, may have 
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been of greater importance than either N or P availability in 
regulating phytoplankton growth in Lake Mahinerangi at this time. 
In the luxury uptake experiments both P and N appeared to be 
accumulated by the phytoplankton over the 24 hour experimental period. 
This is perhaps consistent with the demonstrated closeness of N and P 
limitation in the batch culture and enclosure experiments. Seston 
N : P ratios, however, suggested that P was always taken up more 
rapidly than nitrogen, even when the other bioassays indicated primary 
nitrogen limitation. However, these data may only reflect a much 
greater storage capacity for phosphorus than nitrogen in the lake 
phytoplankton (e.g. Lewis et al. 1984; White et al. 1985). 
Vincent (1981a, 1981b) has suggested that the inorganic N : P 
ratio may be useful as a preliminary indication of nutrient supply to 
phytoplankton. For Lake Rotorua samples, Vincent (1981a) obtained a 
high correlation (r = 0.89) between DIN : DRP ratios less than six and 
the degree of ammonium enhancement. No correlation was obtained using 
the data from this study. In Lake Mahinerangi DIN: DRP.ratios did not 
indicate which nutrient was limiting. This ratio remained low 
(generally less than 6) throughout the study period (Table III-3; see 
also Appendix II-L) . In both the batch culture and ammonium 
enhancement experiments, significant responses to nitrogen were 
recorded at ratios of 0.5 - 3.9 and insignificant responses within the 
range 1.6 5.2. In the batch culture experiments, significant 
responses to P occurred at ratios of 1.4 5.2. For the enclosure 
experiments nitrogen was limiting at DIN : DRP ratios of 1.8 and 18.2. 
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TN : TP ratios have also been considered useful for the assessment 
of limiting nutrients. Suggested ratios, over which growth is said to 
be balanced with respect to both TN and TP, range from 5 10 
(Chiaudani and Vighi 1974), 7- 15 (OECD 1982), 10- 15 (Sakamoto 1966; 
Forsberg and Ryding 1980), and 10- 25 (Smith 1982). In the batch 
culture bioassay, significant responses to N were recorded at ratios of 
7.2 - 14.3. There were significant responses to P within the range 
12.5 15.8 but not in December 1981 when the ratio was 14.3. In the 
enhancement bioassay, although there was no correlation between TN : TP 
ratios and degree of enhancement, there were significant responses to N 
at ratios of 7.2 - 12.5. A lack of response in this bioassay was 
recorded at ratios of 14.3 and 15.8. For the enclosure experiments N 
stimulated growth at TN : TP ratios of 12.1 and 8.1. 
Temporal changes in the TN : TP ratios in the surface waters at 
Station 1 recorded during routine monitoring (see Appendix II-L) are 
also consistent with the seasonal cycle of nutrient limitation observed 
in Lake Mahinerangi. Although fluctuating, the ratios were generally 
highest during summer 1981/82, when phosphorus appeared to be the major 
limiting nutrient. These results suggest that TN : TP ratios may serve 
as a preliminary guide to N and P limitation in Lake Mahinerangi. 
III.4.2 Nutrient Limitation In New Zealand Lakes 
White (1983) found that DIN concentrations, in particular N03-N, 
were very low in New Zealand lakes compared to lakes in the OECD (1982) 
data set. He suggested that dissolved organic nitrogen forms a large 
unreactive proportion of TN in New Zealand lakes and concluded, 
therefore, that nitrogen might play a limiting role in many New Zealand 
lakes. The results from this study and the few other limitation 
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studies undertaken on New Zealand waters (White and Payne 1977, 1978; 
Vincent 1981a, 1981b; Mitchell and Burns 1981; Mitchell and Malthus 
1984; White et al. 1985), support this conclusion. In Lake 
Mahinerangi nitrogen was the primary limiting nutrient for most of the 
study period although phosphorus was limiting during summer. In batch 
culture experiments in Lake Taupo water N stimulated chlorophyll 
production from July to December and P from January to June (White and 
Payne 1977) . Nitrogen stimulated chlorophyll production throughout the 
year during similar experiments in Lake Rotorua (White and Payne 1978) . 
This result was supported by the results of physiological bioassays 
undertaken on Lake Rotorua water by Vincent (1981a) . In suinmer, 
phytoplankton productivity in in situ batch culture samples in Lakes 
Hayes and Johnson responded positively to N with no response to P 
(Mitchell and Burns 1981) . Lake Rotongaio phytoplankton clearly 
accumulated N in luxury uptake experiments and exhibited significant 
ammonium enhancement in single experiments (Vincent 1981a) . 
Significant ammonium enhancement was found in other central North 
Island lakes investigated by White et ~- (1985) . 
This evidence suggests that many New Zealand lakes clearly differ 
from those in north temperate regions which are characterized primarily 
by phosphorus limitation (Schindler 1977). In the batch culture 
experiments in Lakes Taupo, Hayes, Johnson and Mahinerangi, the 
addition of both N and P led to much greater responses than the 
additions of either nutrient alone, suggesting that N and P were both 
relatively close to limiting levels. Similarly, in other North Island 
lakes White et ~- (1985) reported lakes in which phytoplankton 
appeared to be deficient in both N and P. For such lakes and in those 
where N and P appear to be limiting at different times of the year (e.g 
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This study; White and Payne 1977; White et al. 1985), models of 
phytoplankton responses to nutrient inputs are likely to be inadequate 
if based on either nutrient alone. 
III.4.3 Evaluation Of The Bioassays 
From this study, it was apparent that conclusions concerning N and 
P limitation of phytoplankton in Lake Mahinerangi may differ if derived 
from any one single index of nutritional status. DIN : DRP ratios were 
always low (Table III-3 and Appendix II-L) . Reliance on this index 
alone would have suggested that the lake was N-limited and would not 
have indicated the intermittant primary P limitation or the close 
incipient P limitation at all times indicated by the bioassays. 
TN : TP ratios tended to give a more accurate representation of the 
relative closeness of N and P limitation, being generally in agreement 
with the results of the routine bioassays. 
Although consistent with the ammonium enhancement experiments, 
batch culture control samples exhibited marked declines in 
photosynthesis over the three day incubation period (Table III-4). 
Real increases in photosynthesis after three days incubation, 
therefore, may not have been achieved in the fertilized treatments. 
Such large photosynthetic declines suggest a cautious interpretation 
should be applied to the batch culture results. 
Similar decreases in photosynthetic capacity have been noted in 
production studies of 6 to 24 hours duration (Venrick et al. 1977; 
Peterson 1980) . It is clear these changes are the result of incubation 
in containers and the artificial conditions imposed by these. However, 
it is not known to what extent these changes are due to physiological 
Page 126 
responses of the species present or to actual changes in species 
composition. 
Phytoplankton are able to adjust their apparent net rate of 
photosynthesis rapidly at PAR intensities greater than their light 
optima (Harris and Piccinin 1977; Marra 1980; Prezelin and Matlick 
1980). Hall (1980) studied the time sequence of changes in 
photosynthesis over 4 days in Lake Mahinerangi samples of up to 10 L 
volume incubated in the laboratory. She found that declines in 
photosynthesis occurred within the first 24 hours of containment, but 
only at light intensities over 50- 100 u.Ein.m-2.s-1. Additions of a 
nutrient medium did not affect the initial rate of decline of 
photosynthesis but did increase the level at which a steady state 
production was sustained. 
In well-mixed Lake Mahinerangi, with a low ratio of euphotic zone 
to mixed depth, the natural phytoplankton population is exposed to a 
large range of light intensities including periods in darkness. The 
average light intensity likely to be experienced by the phytoplankton 
under these conditions is likely to be much lower than the level 
provided in the batch culture experiments (approximately 180 
u.Ein.m-2.s-1). Thus, much of the photosynthetic decline exhibited in 
the three day batch culture experiments may be a rapid initial 
physiological photoinhibiting response to a constant higher than 
optimal light intensity. 
For the in situ productivity studies at Station 1, light 
intensities at the depth of P-max ranged from 70 to 1150 u.Ein.m-2 .s-1 
with a median value of 190 u.Ein.m-2.s-1. This result appears to be 
inconsistent with the argument developed above. However, time 
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dependence of responses to high light intensities suggests that a 
comparison of four hour versus three day incubations may not be valid 
(Harris and Piccinin 1977; Harris 1978). The single profile of light 
intensity taken on each occasion may also differ from the actual 
average intensity experienced by the phytoplankton over the incubation 
period. 
To what extent this initial photoinhibiting response affects the 
eventual outcome of a batch culture nutrient enrichment experiment is 
unclear. The magnitude of photoinhibition can depend on the previous 
light history to which the phytoplankton are adapted, temperature, the 
species present, and the degree and type of nutrient deficiency (Harris 
and Piccinin 1977; Harris 1978; Belay and Fogg 1978). Light optima 
therefore vary seasonally (Belay and Fogg 1978) . With long-term 
incubations (24 hours), it becomes increasingly difficult to separate 
photoinhibition responses from other factors affecting contained 
natural phytoplankton incubated in small containers. These include 
predation by zooplankton (Venrick et al. 1977), lack of turbulence and 
light quality (e.g. Jorgensen 1969; Wall and Briand 1979). 
Changes in control treatments over the duration of incubation in 
batch culture experiments of similar design, if studied, have often not 
been reported (e.g. Sakamoto 1971; Gerhart and Likens 1975; Schelske 
1974; Storch and Dietrich 1979) . In this study, however, the 
three day batch culture responses were consistent with those of the 
large enclosures, in which significant photosynthetic declines did not 
occur (Table III-7 and Appendices III-D and III-E; Mitchell and Malthus 
1984) . These suggest that the results of this bioassay are still valid 
in spite of the declines in photosynthesis over the experimental 
period. 
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Mitchell and Malthus (1984) evaluated the ammonium enhancement 
bioassay by a comparison with results of in situ large enclosure 
fertilization experiments in Lake Mahinerangi and two oligotrophic 
Canadian lakes. They concluded that the technique provided qualitative 
evidence of the effects of short-term nitrogen enrichment. They were 
unable to draw conclusions, however, on whether it could be used to 
predict the magnitude of such responses. Similarly, in the routine 
bioassays in Lake Mahinerangi over 1981-82, results of the enhancement 
bioassay were generally qualitatively consistent with those of the 
batch culture technique. 
Quantitative comparison between the results of the batch culture 
and enclosure experiments and the ammonium enhancement bioassay may 
not, however, be valid. The measurement of a photosynthetic activity 
in samples after three days incubation with added nutrients provides a 
physiological index of the growth response of an evolving population. 
The magnitude of this response will depend not only on the nutrients 
added but also on the initial composition of the sample and the success 
to which the species present~ overcome the artificial conditions of 
incubation imposed on them. In contrast, the ammonium enhancement and 
luxury uptake bioassays provide evidence of nutrient stress on the 
phytoplankton population present at the time of sampling. Significant 
responses in these assays are an indication that the phytoplankton 
nutrient storage pools are depleted, but this does not necessarily 
imply that their further growth is restricted or prevented. 
Greatest ammonium enhancement occurred in Lake Mahinerangi at high 
concentrations of chlorophyll ~' similar to the findings of Yentsch et 
(1977) for a coastal marine system. Yentsch et al. (1977) also 
found a direct relationship between enhancement and DIN concentrations 
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in their study, but there was no indication that the degree of 
enhancement was related to levels of DIN or DIN : DRP ratios in Lake 
Mahinerangi. In Lake Rotorua no correlation between enhancement and 
chlorophyll ~ or DIN concentrations was found (Vincent 1981a) . 
However, Vincent did find a general relationship between enhancement 
and the DIN : DRP ratio. 
In their study of limitation in 12 central North Island lakes, 
White et al. (1985) found that 18 of the 19 significant enhancement 
responses were associated with N03-N concentrations less than 1.5 
ug.l-1. There were also many samples in their study, however, that did 
not record enhancement but which also had N03-N concentrations below 
this value. In Lake Mahinerangi, the five significant enhancement 
responses were all associated with N03-N concentrations less than 1.5 
ug.l-1 (on four occasions N03-N levels were below detection levels; Fig 
III-3; Table III-3). The remaining five samples in which significant 
enhancement was not found had N03-N concentrations ranging from 2.2 -
9.4 ug.l- 1 . This result, therefore, is consistent with White et al.'s 
(1985) conclusion that enhancement in unlikely to occur in New Zealand 
lakes when N03-N concentrations are above 1.5 ug.l-1 • 
Although the precise status of this bioassay with respect to DIN 
concentrations is unclear, ammonium enhancement results were generally 
consistent with the three day batch culture and enclosure experiments 
in this study. Similarly, enhancement results have been found 
consistent with other physiological assays by Vincent et ~· ( 1984b) . 
Thus, although this assay should not be used in waters with prominent 
blue-green algal populations (Vincent 1981a), it appears to be useful 
in establishing N deficiencies in natural phytoplankton populations. 
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In several of the routine enhancement experiments high variability 
among the replicates was observed. Light leakage into some of the dark 
bottles was unlikely because of the ample wrapping with aluminium foil 
each bottle received. Excess 14C-bicarbonate or extracellular labeled 
substances retained on the filters may have contributed to the 
variability between replicates (e.g. Wetzel 1965; Nalewajko and Lean 
1972;,.McMahon 1973; Berman 1973). The potential contribution from this 
,.,~- - ~·' ' 
source to the total radioactivity may be high when low counts, such as 
dark uptake are determined. Rinsing filters with dilute HCl to 
eliminate this source was successful in reducing the variability 
between replicates. 
Luxury uptake bioassays are appealing among physiological assays 
because specific uptake rates for N and P are directly comparable 
(Vincent 1981a) . However, the high analytical variability in the 
seston P and, in particular seston N determinations, reduced the 
potential usefulness of this assay in this study. Vincent (1981a, 
1981b) provided no estimate of the variability among his duplicate 
treatments and did not test for statistical significance of N or P 
uptake by the seston. High variability among replicates in this 
bioassay is not unique to the present study. White et al. (1985) also 
found high analytical variability among their three replicates for 
seston P and seston N (coefficients of variation ranging from 8.2 
12.3% for seston P, and 12.8% for seston nitrogen). In their study, 
only one sample yielded a significant luxury N uptake response, 
compared to 19 significant ammonium enhancement results. They 
concluded that uptake of nitrogen in excess of 40% would be required to 
establish a significant response. Although Vincent et al. (198 4b) 
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measured N uptake of greater than 60% on two occasions in Lake 
Titicaca, the results of my study and White et al. (1985) suggest that 
it is unlikely that significant uptake of N would be recorded after two 
hours in natural phytoplankton populations from New Zealand lakes. 
This bioassay appears to be too insensitive to be useful in many cases. 
CHAPTER FOUR 
NITROGEN AND PHOSPHORUS LOADS FROM STREAMS J>...ND THEIR 
RELATIONSHIP TO LAND USE 
IV.1 INTRODUCTION 
Due to the time and expense involved in making 
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detailed 
measurements of nutrient budgets to lakes, it is highly desirable that 
predictive models of nutrient loadings to lakes be developed. Several 
approaches have been derived to estimate phosphorus loading to lakes in 
studies overseas (e.g. Patalas 1972; Dillon and Rigler 1975; Schaffner 
and Oglesby 1978; Ahmed and Schiller 1980; Reckhow and Simpson 1980). 
These techniques rely on some sort of estimate of nutrient export from 
both diffuse and point sources. In New Zealand, problems of 
eutrophication are more likely to arise from increased nutrients from 
diffuse sources as a result of agricultural and forestry practices 
rather than those from point sources as a result of urban development 
(Fish 1969; White 1977). While much information has been derived 
overseas about differences in land-use and nutrient exports (e.g. 
Ryden et al. 1973; Jones et al. 1976; Smith 1977; Dillon and Kirchner 
1975), it is unlikely that this will be useful for predicting loads 
from New Zealand streams because of physical and vegeta·tive differences 
and differing farming and forestry practices in this country (Hoare 
1982) . For example, the pattern of fertilizer use in New Zealand is 
unusual; P fertilizer application rates are extremely high while up 
until very recently application of N fertilizer has been extremely low 
(Syers 1974; McColl and Hughes 1981). To predict nutrient loadings for 
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New Zealand lakes, it is therefore necessary to establish export 
coefficients derived from catchment studies undertaken in this country. 
Furthermore, many overseas studies have concentrated solely on 
phosphorus exports. Given the demonstrated importance of nitrogen to 
phytoplankton in several New Zealand lakes from this and other studies 
(White and Payne 1977, 1978; Vincent 1981a), knowledge of inorganic and 
total N exports from catchments of differing land use is also required. 
In a review of the effects of land use on water quality in New 
Zealand, McColl and Hughes (1981) outlined areas that required future 
research. These included: baseline studies of nutrient loads and 
water quality of streams draining unfertilized native tussock 
grassland; the effects on nutrient runoff of conversion of tussock 
regions to agriculture; the effects of subsequent agricultural and 
forest practices on water quality and changes to water quality 
resulting from the clearfelling of exotic forests. In order to 
estimate nutrient loads to Lake Mahinerangi, a sampling programme was 
undertaken on the major tributaries entering the lake and several 
smaller streams draining catchments affected by agriculture and forest 
clearance. A study of the nutrient export rates of nutrients from 
these streams was considered relevant for several reasons. First, the 
major tributaries offer a gradation of amounts of catchment 
agriculturally developed. These catchments ranged from an undeveloped 
tussock grassland catchment to one fully affected by pasture 
development and oversowing and topdressing. This gradation of 
development would allow the study of possible quantitative 
relationships between N and P export and agricultural development so 
that future loads to Lake Mahinerangi could be predicted given further 
agricultural development. Secondly, the streams each drain a catchment 
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in which land use and changes in land use are of only one type; they 
are either forested, or pastorally modified for sheep and cattle 
grazing. Thirdly, information was available on specific P fertilizer 
application rates to which P exports could be related. Fourthly, a 
study of this type would contribute to understanding nutrient exports 
from tussock, pasture and exotic forest catchments in New Zealand. 
The aims of this part of the study, therefore, were: 
1. To compare concentrations and nutrient exports from streams 
draining catchments of varying land use around Lake Mahinerangi. 
2. To study the relationships between relative areas of catchments 
agriculturally developed and nutrient concentrations and exports 
from the main tributaries. 
3. To study the relationship between P fertilizer application and 
total phosphorus export rates. 
4. To compare stream loadings from this study to other New Zealand 
streams draining catchments with comparable land uses. 
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IV. 2 l1ETHODS 
Nitrogen and phosphorus concentrations were monitored at 
approximately two-weekly intervals in the six major streams entering 
Lake Mahinerangi (Waipori, Nardoo, Lammerlaw, Northwest, Post Office 
and Pioneer - see Fig. I-2). Agricultural development and fertilizer 
application within these catchments are summarized in Table IV-1. 
Samples were also collected from Stony Creek, a large tributary of the 
Waipori River (Fig. I-2), where no agricultural development of the 
catchment has taken place. In addition, five smaller streams were 
studied (Table IV-1) . These included two "agricultural" catchments (Al 
and A2, Fig. I-1) draining grazed pasture areas and with bog areas 
immediately adjacent to the stream itself. These two streams are 
typical of many of the small streams surrounding the margin of the 
lake. Three streams within the pine forest area were sampled, one with 
a standing pine plantation (Loudon, Fig. I-2) and two clearfelled 
catchments (F1 and F2, Fig. I-2). These two latter catchments were 
progressively clearfelled over 1979-82. 
All streams were sampled as close to their point of discharge into 
Lake Mahinerangi as was practical (see Fig. I-2). Chemical samples 
were collected in clean 500 ml polyethylene bottles rinsed three times 
before filling. The samples were stored on ice in an insulated 
container and stored deep frozen in the laboratory until analysis. 
DRP, TP, NH4-N, N03-N and TN were determined using the methods 
presented in Chapter 1 (see Section II.2.3-D). 
\"" 
Table IV-1. Description of size, altitudinal range, land use and fertilizer application in the twelve catchments sampled for 
nutrient yield, 1980-82, Undev, undeveloped tussock grassland; Over/top, oversown and topdressed; Plough, 
ploughed pasture. 
Fertilizer Application 
Percentage Altitudinal Land use Percent Total 1981 1981 
Catchment Area of lake Range Undev Over/top Plough Agl"icultural 1965-81 kg.ha-1 on 
(km2) catchment (m a.s .1.) Ct) (%) (%) Development (tonnes) (tonnes) catchment 
Stony 17.3 5.5 584 - 1005 100 Nil Nil Nil Nil Nil Nil 
Waipori* 1 18. 1 37.6 391 - 1 128 82 18 Nil 18 1989 516 43.7 
Nardoo 11.6 3.7 391 - 960 60 40 Nil 40 357 Nil 
Post Office 27.6 7.2 41 1 - 895 50 39 11 50 931 353 127.9 
Lammerlaw 211.0 7.6 391 - 914 41 49 10 59 2640 346 144.2 
Pioneer 22.4 8.8 391 - 549 31J Nil 66 66 1245 283 126.11 
Northwest 11.4 3.7 396 - 736 Nil 19 81 100 3203 257 225.4 
A1 0.17 0.05 - Ploughed Pasture 100 
A2 0.26 0.08 - Ploughed Pasture 100 
Loudon 3.6 1.10 391 - 610 Pine plantation 
F1 0.87 0.28 391 - 518 Clearfelled 
F2 0.92 0.29 391 - 518 Clearfelled - - - -









IV.2.1 Discharge Measurements 
Discharges in the seven major tributaries were determined at 
approximately monthly intervals during 1981-82. Water velocity was 
recoxded using a calibrated Leupold and Stevens current meter fitted 
with a No.9 propeller. Velocities were recorded at 0.6 of the depth 
below the surface at intervals across the stream to give no less than 4 
measurements in the smallest stream, Northwest Creek, and up to 15 in 
the largest, the Waipori River. The width of the stream was measured 
using a tape measure. Discharge (m3.sec-1) was calculated by 
multiplication of the flow velocities by the corresponding 
cross-sectional area between measurements (Chow 1964). 
Discharge measurements for the seven major catchments are 
presented in Appendix IV-A. The percentage contribution of each 
catchment to the combined total flow of the large catchments was 
determined on the eight occasions when discharges were measured in all 
streams on the same day. The streams each contributed a fairly 
constant fraction of the total inflow (Table IV-2). Areal surface 
inflow generally increased up the lake catchment as a result of the 
east to west increase in precipitation within the catchment. 
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Table IV-2. Differences in areal runoff from the large catcr®ents 
surrounding Lake Mahinerangi (from a range of total 




















Fraction of flow 
Average fraction 
of monitored inflow Fraction of total 
(%) (+SD) catchment area 
65.4 ( 4. 4) 1.2 
10.6 (1. 6) 1.3 
4.9 (1. 0) 0.9 
12.3 (1. 2) 1.1 
3.7 (1. 0) 0.7 
7.5 (1. 5) 0.6 
6.2 (1. 6) 0.6 
Stony Creek catchment. 
IV.2.2 Calculation Of Nutrient Loading 
Monthly flow rates in the seven major tributaries and the five 
smaller streams were estimated from the calculated surface inflows to 
Lake Mahinerangi (see Fig. I-4). Input to the lake from the combined 
large catchments in which discharges were occasionally measured, and 
the remaining unmonitored area was determined from surface inflows on 
the basis of the fraction of drainage area comprised (68.6% in the 
large, monitored catchments; 31.4% unmonitored). Monthly flow rates in 
each of the large catchments were then calculated from the monitored 
fraction of total inflow and the average fraction of inflow from Table 
IV-2. Flow rates in the small agricultural and forest streams were 
calculated from the unmonitored fraction based on their drainage area 
relative to the total unmonitored area. 
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Estimates of monthly mean concentrations of N and P nutrient forms 
were calculated following Edmondson and Lehman (1981) . Using linear 
interpolation, concentrations on the first and last days of each month 
were ascertained and mean monthly concentrations calculated by 
trapezoidal summations throughout the monthly intervals. Estimates of 
monthly nutrient loads from the catchments were then calculated from 
mean monthly concentrations multiplied by the corresponding monthly 
hydrologic load for each stream. The annual series of monthly loads, 
July 1981 to June 1982, were summed to obtain estimates of annual 
nutrient load. 
IV.2.3 Concentration/Discharge Relationships In Nardoo Stream 
To examine the possible relationship between nutrient 
concentrations and flow, a continuously recording water level recorder 
(Foxboro Co. Ltd., Montreal) was installed in December 1981 at the 
sampling site on the Nardoo Stream (see Fig. I-2). A rating curve was 
developed from periodic current meter gaugings carried out by Hydrology 
staff of the Ministry of Works and Development. During the period the 
recorder was in place (December 1981 to January 1983) weekly chemical 
samples were taken from this site. 
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IV.3 RESULTS 
IV.3.1 Nutrient Concentrations In Streams Draining Catchments Of 
Varying Land Use 
Summaries of the concentration data in each stream are presented 
in box plots in Figures IV-1 to IV-5 (data, Appendix IV-B) . There was 
no evidence of a seasonal component in fluctuations of the various 
forms of Nand P in any of the streams. The box plots illustrate the 
skewed nature of the data. For this reason median values, which are 
affected less by skew than mean values, are used as the measure of 
central tendency (Reckhow 1980) . The box plots for the large 
catchments are plotted against percentage of the catchment developed 
agriculturally, to illustrate these relationships. 
A. Dissolved Reactive Phosphorus 
Dissolved reactive phosphorus concentrations in all streams were 
generally low, being typically below 20 ug.l-1 (Fig. IV-1) . 
Concentrations were lowest in Stony Creek and Loudon Stream, the two 
catchments unaffected by agricultural practices. Although results were 
variable, there did appear to be a general trend to increased DRP 
concentrations with development in the large streams. The extremely 
high value of 225 ug.l-1 recorded on 24.6.82 in Nardoo Stream (Appendix 
IV-B) followed fertilization of the catc0~ent with superphosphate a 
week previously on 17.6.82. Concentrations were only slightly above 
normal in successive samples and had returned to normal approximately 
one and a half months after the catchment was fertilized. 
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DRP concentrations fluctuated most widely in Northwest Creek, and 
the two small agricultural streams (Fig. IV-1, Appendix IV-B) . 
Northwest Creek, with its catchment fully agriculturally developed, 
generally had slightly higher DRP concentrations than the much smaller 
streams A1 and A2, also draining 100% developed catchments. 
Concentrations in forested Loudon Stream were generally much lower than 
those in the clearfelled catc~~ents F1 and F2. 
B. Total Phosphorus 
The relationship of total phosphorus to agricultural development 
in streams draining the large catchments was much strong·er than that of 
DRP (Fig. IV-2) .. Median values rose from 10 ug.l- 1 in Stony Creek to 
79 ug.l-1 in Northwest Creek. TP concentrations in the two small 
agricultural streams showed the highest range of fluctuation and 
generally higher concentrations than the other streams studied (Fig. 
IV-2). The median TP concentration was considerably higher in A2 than 
in A1. Concentrations in the two clearfelled forest catchments were 
considerably less than those in the two agricultural streams on most 
sampling dates. Occasionally, however, high concentrations were 
recorded following periods of rainfall when the streru~s were observed 
to have high suspended sediment loads. 
The highest TP value measured in the Nardoo Stream was again 
recorded a week after fertilization of the catchment. Subsequent 
samples in this stream were only slightly above normal (Appendix IV-B) 
and concentrations appeared to have returned to normal approximately 
two months after fertilization. 
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C. ~~onium-Nitrogen 
Concentrations of ammonium-nitrogen appeared generally to rise 
with increasing agricultural development within the large catchments 
(Fig. IV-3) . Concentrations in the streams draining the large 
catchments and the small Loudon Stream were generally low and on many 
occasions below detection levels (less than 2 ug.l-1). Median values 
for these streams were all below 10 ug.l-1. Concentrations were 
1-1 generally greater than 10 ug. , however, in the small agricultural 
and clearfelled forest streams (Fig. IV-3). 
D. Nitrate-Nitrogen 
Nitrate-nitrogen concentrations in the major streams entering Lake 
Mahinerangi, with the exception of Northwest Creek, were extremely low. 
d . 1 11 b 1 3 1-1 . Me ~an va ues were a e ow ug. (F~g. 
undetectable concentrations (less than 1 
IV-4) and many samples had 
-1 ug.l ) . Levels in fully 
developed Northwest Creek were significantly higher than those in the 
other streams. 
Small streams A1 and A2 differed markedly in levels of N03-N 
present. N03-N concentrations in forested Loudon Stream were generally 
higher than those present in the large streams, apart from Northwest 
Creek. 
The highest levels of N03-N were found in the two clearfelled 
forest streams (Fig. IV-4). Concentrations fluctuated widely between 
samples with levels on some days undetectable. Concentrations were 
generally 6 to 10 times higher than those in forested Loudon Stream. 
Figure IV-3: Box plots of NH4-N concentrations 
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streams of differing land use 
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Concentrations of nitrite-nitrogen in all of the streams were 
extremely low (Appendix IV-B) and were not included in load 
calculations. · 
E. Total Nitrogen 
Analyses for total nitrogen were conducted from June 1981 onwards. 
Concentrations of TN were high compared to the very low inorganic N 
levels and generally increased with increasing agricultural development 
within the large catchments (Fig. IV-5). The absolute increase in TN 
levels with land development was much higher than the increase in 
either N03-N or NH4-N concentrations indicating the presence of higher 
concentrations of organically bound N with increased land development. 
Small streams A1 and A2 generally had higher TN concentrations 
than fully developed Northwest Creek. Concentrations in clearfelled 
small streams F1 and F2 were also high. Forested Loudon Stream, 
however, had the lowest concentrations of all the streams. 
For the ·large catchments, simple and multiple regression 
techniques (SPSSx Statistical Package, Norusis 1983) were used to test 
the relationship between annual geometric mean N and P concentrations 
(Figs. IV-1 to IV-5) percentage agricultural development (Table IV-1) 
and annual water yield per square kilometre (Appendix IV-A) . Annual 
nutrient means were calculated from the July 1981 to June 1982 time 
series. No significant relationships between water yield and N and P 
concentrations were found (r < 0.65 in all cases, p > 0.05). There 
were, however, significant relationships between agricultural 
development and average concentrations of all forms of N and P in the 
Figure IV-5: Box plots of TN concentrations in the major 
tributaries and (overleaf) in some marginal 
streams of differing land use entering Lake 
Mahinerangi, 1980-82. (ug .1-1) . 
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streams (Table IV-3) . The addition of annual areal water yield as an 
extra independent variable did not improve the simple regressions 
between agricultural development and DRP, N03-N and TN. The 
regressions between agricultural development and TP and NH4-N were 
improved only slightly by addition of water yield to the equation 
(change in r2 from 0.828 to 0.846, TP; 0.792 to 0.810, NH4-N). 
Agricultural development and runoff were, however, highly correlated 
(r = -0.74), making it difficult to quantify separately the influence 
of these two independent variables in the same equation (Zar 1984) . 
However, partial correlation coefficients (Zar 1984, p 339) between 
agricultural development and both TP and NH4-N when the runoff variable 
was held constant were significantly different from zero (rep = 0.87 
and 0.85, for TP and NH4-N respectively, t-test, p < 0.001). Those 
between annual areal runoff and TP and NH4-N with agricultural 
development held constant were not significantly different from zero 
(rep = 0.31 and 0.29 for TP and NH4-N respectively, p > 0.10). 
Therefore, agricultural development appeared to be the major factor 
influencing nutrient concentrations in these streams (Table IV-3), and 
differences in runoff per unit area between the catchments did not 
appear to be important. 
Relationships were also tested using percent agricultural 
development separated into its components, areas oversown and 
topdressed and those ploughed (Table IV-1) . No associations were 
evident between average nutrient concentrations and percentage areas 
oversown and topdressed. TP, NH4-N and TN concentrations were found to 
be related to the percentage areas ploughed. However, the nutrient 
data did not appear to be normally distributed with respect to this 
variable and due to the small sample size further relationships were 
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not pursued. 
Table IV-3. Regressions between annual geometric mean stream 
concentrations (Y, ug.l-1} and percentage agricultural 
development (X) for the major tributaries entering 
Lake Mahinerangi. (n = 7 in all cases). 
r Regression equation 
D~ 0.77* y 0.94 + 0.129X 
TP 0.91** y 2.02 + 0.58X 
NH4-N 0.89** y 1.41 + 0.06X 
N03-N 0.80* y 0.23 + 0.039X 
TN 0.85** y 94 + 2.10X 
* p < 0.05 
** p < 0.01 
IV.3.2 Discharge And Concentration/Discharge Relationships In Nardoo 
Stream 
Water levels were continuously monitored in Nardoo Stream from 
December 1981 to January 1982. A rating curve was derived from 
measured discharges ranging from 0.096 to 0.284 m3.sec-1 and a stage 
height range of 0.367 to 0.463 m (data, Appendix IV-C). The total 
range of stage heights recorded by the level recorder was, however, 
0.339 to 1.417 m. Therefore some velocities had to be derived by 
extrapolation of the rating curve which involved a large degree of 
uncertainty. The estimated total yearly discharge from Nardoo Stream, 
calculated from continuous stage measurements for 1982, was 6.1 X 
m3 compared to 7.5 x 106 m3 estimated from the water balance 
calculations for the lake (Section IV.2.2). Although the water balance 
calculations themselves involved assumptions that might not have been 
correct, it is highly likely the stage-discharge 




With this known uncertainty, the data are nevertheless useful to 
illustrate how flow may vary in the streams entering Lake Mahinerangi 
and for the examination of relationships between nutrient 
concentrations and discharge. Daily mean flow rates in the Nardoo 
Stream are illustrated in Figure IV-6. Flows were irregular, 
particularly in the latter half of 1982, with most flow occurring 
between August and November. Approximate baseflow conditions, of flows 
up to 0.25 m3.sec-1 occurred during 70% of the time. 
Chemical samples were taken for a range of discharges from 0.094 
·m3.sec- 1 to 0.430 m3 .sec-1 , but on only three occasions were the sample 
flows greater than approximate baseflow levels (Appendix IV-B) . Thus, 
the samples may be considered representative of baseflow conditions 
only. Regressions of nutrient concentrations on flow rate are 
presented in Table IV-4. The h:Lgh DRP and TP values recorded on 
24.6.82 following fertilization of the catchment were omitted from the 
regressions. No correlations with flow were found using the arithmetic 
data and log transformations of the data did little to improve the 
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Table IV-4. Results of 
concentrations 
arithmetic and 
correlation analyses between nutrient 
and flow in the Nardoo Stream using 
log transformed data. 
Nutrient Sample Size Arithmetic Data Log Data 
(r) (r) 
DRP 37 -0.06 -0.06 
TP 38 0.20 0.35* 
NH4-N 24 0.21 0.22 
N03-N 40 0.23 0.09 
TN 30 0.07 0.12 
* p < 0.05 
IV.3.3 Nutrient Export Rates 
The calculated annual outputs of N and P per unit area from each 
catchment and the load N : P ratios are presented in Table IV-5. The 
two small agricultural streams carried the highest loads recorded of 
DRP, TP, NH4-N and TN. Total phosphorus loads from both these streams 
were over three times greater than any of the other streams. Nutrient 
output from A2 was generally higher than Al in all forms of N and P 
except NH4-N. Stream A2 exported five times as much N03-N per km2 as 
Al. 
Loudon Stream exported the lowest quantities of DRP 1 NH4-N and TN 
per unit area of the streams studied (Table IV-5), and the TP load was 
also low, being similar to that of Stony Creek. Nitrate-N export was, 
however, higher than from most of the large catchments. 
i )-
Table IV-5. Annual loads (kg.km-2.yr-1) of N and P forms, load N : P ratios and inorganic N and P as percentages 
of total forms from twelve watersheds surrounding Lake Mahinerangi, July 1981 - June 1982. 
Stream LAND DEVELOPMENT DRP· TP NH11-N N03-N TN TNsTP DIN1DRP DRP/TP DIN/TN 
(%) (%) (%) 
Stony NIL 4.1 9.7 2.3 1.0 121 12.4 0.8 42.3 2.7 
Waipori 18 6.1 15.9 1.6 1 • 1 134 8.4 0.4 38.4 2.0 
Nardoo 40 3.6a 11.4a 4.4 1.0 128 11.3 0.7 31.6 4.2 
Post Office 50 4.1 10.3 1.4 1.3 86 8.3 0.7 39.8 3.1 
Lammerlaw 59 4.6 28.6 15.5 3.0 174 6.1 4.0 16.1 10.6 
Pioneer 66 1 .4 14.9 2.7 0.6 99 6.6 2.11 9.4 11.6 
Northwest 100 11 • 1 35.7 3.4 5.11 153 4.3 0.8 31.1 5.8 
A1 100 15. 1 132 20.4 5.5 456 3.5' 1.7 11.4 5.7 
A2 100 22.8 147 16.6 27.1 506 3.5 1.9 15.5 8.6 
. 
Loudonb FOREST 2.3 9.3 0.6 2.9 37 3.9 1.5 24.7 9.6 
F1 CLEARFELI.ED 9.0 42.2 14. 1 82.1 385 9.1 10.7 21.3 25.0 




a. Annual loads calculated June 1981 - May 1982. CD 
b. Seven months of data adjusted to annual period. 1--' V1 
~ 
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Export rates of all forms of N and P were much greater in the two 
clearfelled forest catchments than in Loudon Stream (Table IV-5) . 
Loads were also high relative to those for the larger catchments. 
Stream Fl, exported almost twice as much N03-N as F2. N03-N export 
rates from these two streams were the highest recorded in the study. 
Rates of N and P export from the large streams did not appear to 
be wholly related to the degree of agricultural development in the 
catchments (Table IV-5) . The Waipori River had relatively high export 
rates of DRP and TP compared to several of the other catchments with 
greater development. The Lammerlaw catchment exported greater amounts 
of ammonium-nitrogen and total nitrogen than any of the other large 
catchments. The Post Office and Pioneer catchments exported low 
amounts of N and P per square kilometre, especially TP and TN, compared 
to the other streams. Northwest Creek, however, with all of its 
catchment agriculturally developed exported larger amounts per km2 of 
DRP, TP N03-N and TN than the other streams. 
Regressions of N and P export rates on percentage catchment 
development for the large catchments were all positive, but only the 
regressions of TP and N03-N were significant (Figs. IV-7 and IV-8) . 
The regression coefficients for DRP, NH4-N and TN were 0.45, 0.22 and 
0.23 respectively. Significant regressions for all Nand P forms were 
not evident between export rates and the percentage areas ploughed and 
oversown and topdressed when used alone or together in a multiple 
regression. 
In the large catchments there was a highly significant (p < 0.001) 
downward shift in TN : TP ratios with increased land development (Fig. 
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Figure IV-7: Relationship between percentage of catchment 
agriculturally developed and TP export rates from 
the major tributaries to Lake Mahinerangi. 
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Figure IV-9: Relationship between percentage of agriculturally 
developed and TN:TP ratios in loads from the major 
tributaries to Lake Mahinerangi. 
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approximately 4 in highly developed Northwest Creek (Table IV-5) . 
TN : TP ratios in streams Al and A2 were even lower than in Northwest 
Creek. Loudon Stream, draining a forested catchment, also had a low 
TN : TP ratio which made it unusual among the streams unaffected by 
agricultural development. However, the ratio was low as a result of 
low TN levels rather than high TP concentrations. Ratios in Fl and F2 
were higher at 9.1 and 6.8 respectively, reflecting increased N inputs 
following clearfelling. 
DIN : DRP ratios in all streams except the two clearfelled forest 
streams were low, being within the range of 0.1 to 4.0 (Table IV-5). 
These ratios were not significantly related to percentage agricultural 
development. Streams F1 and F2 had much higher DIN : DRP ratios 
reflecting the high nitrate-nitrogen loads carried by these streams. 
IV.3.4 Comparison Of Phosphorus Export. And Fertilizer Application 
Rates 
Of the large catchments, those which received the highest P 
fertilizer application in 1981 were also those most agriculturally 
developed (Table IV-1) . It is not surprising, therefore, that 
fertilizer application rates and TP exports from the catchments were 
significantly correlated (n = 6, r = 0.78, p < 0.05; Table IV-6, Fig. 
IV-10). This relationship existed irrespective of the timing of the P 
fertilizer application in 1981. That only 61% of the variance in TP 
export rates could be explained by differences in 1981 application 
rates, suggests that other factors were contributing to the variation 
in TP export rates. The Nardoo Stream was not included in this 
analysis because this catchment.did not receive fertilizer in 1981 (the 
high concentrations found following topdressing in this stream were in 
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1982) . However, TP export rates from this stream were higher than from 
the never-fertilized Stony Creek catchment suggesting that past 
application of fertilizer is also important. The correlation between 
cumulative fertilizer application rates and export rates was highly 
significant (n = 7, r = 0.91, p < 0.001). However, export rates did 
not appear to be normally distributed with respect to cumulative 
application rates. It was suspected that the extreme Northwest Creek 
and Lammerlaw Stream values heavily influenced this relationship. 
The phosphorus leaving the catchments as a fraction of that 
applied as fertilizer in 1981 was also calculated (Table IV-6) . The 
proportions of phosphorus fertilizer lost from the catchments were 
extremely low ranging from 0.1% to 0.4%. Exports from the Pioneer and 
Post Office catchments were low relative to P application rates. 
Table IV-6. Superphosphate application and export of Total P from 
six catchments surrounding Lake Mahinerangi, 1981-82. 
1981 Cumulative P Fraction leaving 
p Application . Application P export catchment (%) 
Stream (kg .ha-1) (kg .ha-1) (kg .ha-1) 
Stony NIL Nil 0.10 
Waipori 43.7 168 0.16 0.4 
Nardoo Nil 308 0.11 
Post Office 127.9 337 0.10 0.1 
Lammerlaw 144.1 1025 0.29 0.2 
Pioneer 126.4 556 0.15 0.1 
Northwest 225.4 2810 0.36 0.2 
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surrounding Lake Mahinerangi, 1981-82. 
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IV.4 DISCUSSION 
From the more detailed flow study on the Nardoo Stream, it can be 
seen that nutrient samples were taken predominantly during baseflow, 
which occurred for the most of the time available. Few samples were 
taken during periods of high streamflow. In this study the frequency 
at which samples were taken was not related to rate of water flow or to 
discharge events in the streams. Samples taken from the other streams, 
therefore, were probably also predominantly baseflow samples. 
Regression of nutrient concentrations on discharge for Nardoo 
Stream indicated a significant correlation only between log-TP and 
log-flow (Table IV-4) . The correlation coefficient was low, however, 
(r = 0.35) so· that 88% of the variance in TP concentration was not 
accounted for. Baseflow samples tend to have only weak correlations 
with flow. In the Ngongotaha Stream, Hoare (1982) found very weak 
correlations with only DRP and NH4-N concentrations in baseflows and 
floodflows. Although no correlation was evident between TP and 
baseflows, there was a very strong correlation between TP concentration 
and floodflows. 
Schouten et al. (1981) did not distinguish between baseflow and 
floodflow periods, but found correlations between DRP, particulate and 
organic N and P, N03-N and discharge in approximately half of the 50 
streams they studied in the Lake Taupo region. 
In the absence of noticeable seasonal variation in nutrient 
concentrations, fluctuations in concentrations are probably related 
partly to changes in stream discharge. In some streams nutrient 
dynamics may be so complex that the derivation of concentration-flow 
relationships is extremely difficult (Holmes et §l. 1980). Unless 
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much of the variance in concentration can be explained by the 
regression on flow, a simple concentration times flow approach may be 
just as adequate to calculate nutrient loading from streams (Edwards 
1973a,b; Whitfield 1982) . In the absence of a flow related sampling 
programme and more adequate flow data from each stream, however, the 
method of load calculation used in this study provides at best an 
estimate of what may be termed "baseflow concentration" load. 
IV.4.1 Agricultural Development And Nutrient Exports 
Annual geometric mean N and P concentrations were highly 
correlated with the degree of agricultural development in the large 
catchments (Table IV-3) . TP and TN concentrations in these streams 
increased to a greater extent with agricultural development than did 
DRP and inorganic N, the concentrations of which were typically low. 
(Figs. IV-1 to IV-5) . This indicates that increased land development 
led to increased concentrations of organic and particulate N and P in 
the streams. 
Differences in runoff per square kilometre among the large 
catchments did not appear to affect the concentrations of N and P in 
the streams significantly. The relationships between agricultural 
developments and nutrient concentrations will be used to quantify loads 
to Lake Mahinerangi, with changes in agricultural development in its 
catchment in Chapter Five. 
When export rates of each nutrient were calculated, only TP and 
N03-N export rates were significantly correlated with percentage 
agricultural development. There were no evident distinctions between 
export rates in those catchments predominantly oversown and topdressed 
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and those predominantly ploughed. Agricultural development was 
sufficient to explain only 56% and 52% of the variance in TP and N03-N 
export rates respectively. These high variances and the lack of 
significant relationships between agricultural development and export 
rates for the other nutrients suggests that other factors were also 
important in determining nutrient export rates. Nutrient export rates 
from the Pioneer and Post Office catchments were low compared to the 
other catchments affected by less agricultural development (Table 
IV-5) . These two catchments also had the lowest relative surface 
runoff per unit area (Table IV-2) . It is likely that differences in 
surface runoff as a result of the uneven distribution of rainfall in 
the catchments contributed to the variance in nutrient export rates. 
Surface runoff, however, is a function not only of precipitation, but 
also of the characteristics of the drainage basin itself (Morisawa 
1968) . For example, the slope and relief of the watershed may also be 
important in determining the runoff characteristics from a particular 
catchment. New Zealand catchments with low channel gradients and high 
drainage densities tend to retard runoff and those with steep gradients 
and low drainage densities hasten runoff (Taylor 1967) . Kirchner 
(1975) found a high correlation between P export rates and drainage 
density in forested catchments in Ontario, Canada. The extremely low 
range of elevation (Table IV-1) and flat relief of Pioneer catchment 
may, for example, have contributed to its low nutrient export. 
Instream processing of nutrients may also be important. The major 
aim of stream sampling in this study was to quantify N and P loads to 
Lake Mahinerangi. To this end, samples were taken as close as possible 
to the lake. In doing so, however, calculated exports from the 
catchments studied may not have represented true nutrient loss from 
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different land uses. Instream processing of nutrients may modify 
direct output from land areas. Dissolved inorganic forms of N and P 
may be rapidly removed by macrophytes, grasses, periphyton and sediment 
(e.g. Keup 1968; McColl 1974; Hoare 1979; Rigler 1979; Howard-Williams 
et al. 1982; Cooper and Cooke 1984) or lost via denitrification (Owens 
et al. 1972). There is also evidence to suggest that this process is 
temperature and hence seasonally related (McColl 1974; Hoare 1979; 
Vincent and Downes 1980). Increased flows increase the probability 
that much of this bound nutrient is resuspended and exported in 
dissolved organic and particulate form. Differing rates of instream 
removal may lead to complications when runoff from catchments of 
differing land use is compared (Hoare 1979) . 
Alternatively, inaccessible slopes not able to be ploughed may 
have served as partial riparian buffer zones for nutrients between 
pasture and stream. McColl (1978b, 1979) has shown that buffer zones 
immediately adjacent to stream channels may significantly reduce 
nutrient losses from surrounding land. The taller vegetation in these 
areas may allow for retention of particulate matter and dissolved 
inorganic N and P. In the Mahinerangi catchments, however, these areas 
are fertilized and freely grazed. Around ploughed pasture, these areas 
are essentially areas of oversown and topdressed grassland. Since no 
relationship was evident between export rates and type of agricultural 
development, nutrient retention in these steep tussock margins is 




The two small agricultural catchments, Al and A2, may provide a 
better indication of the potential losses of nutrients from 
agricultural land. Export rates from these catchments for all forms of 
N and P were the highest among those affected by agricultural 
development (Table IV-5) . This result indicates that the numerous 
small basins affected by agricultural development surrounding the lake 
contribute disproportionately large amounts of N and P to Lake 
Mahinerangi. These streams have short lengths allowing for little 
instream processing of nutrients. In addition, most of these 
catchments are enclosed within a single paddock permitting great 
disturbance of margins and stream bed through direct stock access to 
the entire length of the stream. 
Although there were no marked changes in DIN : DRP ratios with 
changes in agricultural development (Table IV-5), TN TP ratios 
decreased substantially (Table IV-5; Fig. IV-9) . TN : TP ratios in 
the two small agricultural catchments were even lower than those in the 
most developed of the large catchments (Table IV-5) . Thus, while 
concentrations of both TN and TP have increased in the tributaries with 
agricultural development, the increase in TP loads has been much higher 
relative to TN, most probably as a result of P-fertilizer application 
to agricultural regions. If TN and TP are assumed to be the most 
relevant indices of nutrient supply then increased land development 
since 1965 must have resulted in a significant change in relative 
supply of N and P to Lake Mahinerangi. 
In addition to agricultural development, forest clearance also 
apparently led to large increases in exports of all forms of N and P, 
and particularly N03-N (Table IV-5) . There was no indication that 
concentrations of N and P were returning to the presumed prelogging 
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levels represented by Loudon Stream over the sampling period (Appendix 
IV-B) . High N03-N loads from these catchments meant that DIN : DRP 
ratios were high in these streams. TN : TP ratios were also higher 
than in the agriculturally affected streams, indicating that 
clearfelled forest regions may be more important sources of N than of P 
to Lake Mahinerangi. 
IV.4.2 Fertilizer Application And TP Export Rates 
In this study, those catchments which received the highest 
fertilizer application rates were also those which had the highest 
total phosphorus export rates. This was evident irrespective of the 
type of land development (oversown and topdressed versus ploughed 
pasture) in the catchments. Factors other than 1981 fertilizer 
application rates alone appeared to be contributing to the variation in 
TP export rates. Higher export rates from the Nardoo catchment, which 
did not receive fertilizer in 1981, compared to the undeveloped Stony 
Creek, suggests that runoff of phosphorus previously applied may have 
contributed to the observed variation. 
In addition to long-term fertilizer application, differences in 
water yield among the catchments may have been important as discussed 
above. Exports of TP from the Post Office and Pioneer catchments 
relative to 1981 P application rates were low in comparison to the 
other catchments (Table IV-6, Fig. IV-10). These two catchments had 
the lowest water yield of the large catchments. Other factors that 
could also have contributed to the variance include the timing of 
fertilizer application relative to the sampling period, catchment 
morphometry (e.g. Ahuja et ~- 1982) and differences in soil type 
(Kudeyarov et ~- 1981), and vegetation (McColl 1979) between the 
-' 
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catchments, which may ultimately affect the uptake and leaching of 
phosphorus applied as fertilizer. 
The high DRP levels recorded in the Nardoo Stream provide an 
indication of the potentially high losses from catchments following 
rainfall events soon after fertilization. Concentrations in streams 
may also be extremely high following direct fallout of fertilizer into 
streams (Mitchell 1975a, Sharpley and Syers 1979) . In general, 
however, much of the P applied as fertilizer is rapidly bound and 
rendered immobile in the soil (Kurtz 1970) . In this study the amounts 
of P leaving the catchments as a fraction of that applied as fertilizer 
were extremely low (Table IV-6), and similar to those found in other 
studies in New Zealand and overseas (Fish 1975; McColl 1978b; McColl 
and Gibson 1979; Sharpley and Syers 1979; Birch 1982; Ward et ~-
1985). Although of little significance to farmers, these losses may be 
highly significant to downstream waterbodies (McColl and Syers 1979) . 
For example, assuming a loss rate of P applied of 0.5% and 15000 tonnes 
of P applied to the whole catchment since 1965 (see Section I.3), 75 
tonnes of P fertilizer may have entered Lake Mahinerangi since this 
time. 
IV.4.3 N And P Exports From New Zealand Catchments 
For comparative purposes, annual export rates of N and P from New 
Zealand catchments with similar land uses to those of this study are 
presented in Table IV-7. 
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Table IV-7: Land use, drainage area, g~ology and export rates for New Zealand catchments. 
(Export Bates (kg.km-2.yr-1; S, sedimentary; I, Igneous; M, metamorphic). 
Area 



























































































































































































































Reference and Comments 
Scbouten fi .\!J,. (1981) 
This study 
McColl .!U; ;'!.].. (1977) 
Bargh (1978) 
Schouten fi al. (1981) 
Fish (1975) 
Williamson and Cooke (1982) 
Hoare (1982) 
!his study 
Bargh (1977) - Indigenous 
Neary fi ~· {1978) - Indigenous 
McColl ~ ~· (1977) - Exotic 
Schouten~ al. (1981)- Exotic 
This study - Exotic 
Neary~ al. (1978) -Indigenous 
This study - Exotic 
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A. Tussock Grassland 
Very little research in New Zealand has been directed towards 
evaluating water quality in streams draining native tussock grassland 
(Dils et ll· 1977; McColl and Hughes 1981). To date there have been 
no published accounts of nutrient outputs from native grassland 
catchments in the South Island. In two small (less than 3 km2) tussock 
grassland catchments within the Waipori catchment, DRP, NH4-N 
concentrations both averaged 10 ug.l-1 and average nitrate levels were 
below detection during 1981 (Dr A J Pearce, Forest Research Institute, 
pers. comm.). In Deep Stream, draining a tussock catchments adjacent 
to Lake Mahinerangi, Shirvell (1979) found average DRP and N03-N 
concentrations of 3 and 6 ug.l-1 respectively, and NH4-N concentrations 
generally below detection (less than 10 ug.l- 1). Bargh (1980) recorded 
very low concentrations of N and P forms draining mountain tussock 
regions in Marlborough. Based on lysimeter studies, Holdsworth (1981) 
calculated export rates for DRP, NH4-N and N03-N from tussock grassland 
plots in eastern and central Otago at 2.0, 0.8 and 10 kg.km-2.yr-1. 
These results are consistent with concentrations and export rates from 
the Stony Creek catchment and indicate the general high quality of 
water exports from undisturbed tussock catchments. 
Loading rates from five catchments draining undisturbed alpine 
tussock/herb/scrub associations in the Lake Taupo area, North Island, 
are presented along with Stony Creek export values in Table IV-7. 
Export rates from Stony Creek are considerably lower for all N and P 
forms which may be a result of the different geology of the two areas; 
Lake Taupo rocks and soils are principally volcanic in origin whilst 
those in the Mahinerangi catchment are metamorphic. 
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B. Agricultural 
The results of this study are consistent with those of other New 
Zealand studies which have also found higher N and P concentrations in 
streams draining agriculturally developed catchments than in those 
draining neighbouring forested and indigenous scrub catchments (e.g. 
White 1972; McColl et al. 1977; Schouten et al. 1981). Export rates 
of all forms of N and P for the three large catchments most 
agriculturally developed in this study are generally below or at the 
lower range of observed values for similar land-use catchments 
elsewhere in New Zealand (Table IV-7) . Nitrate and Total nitrogen 
loading rates from these catchments are especially low. Similarly, 
N03-N and TN exports for catchments A1 and A2 are low (Table IV-7), but 
those for TP are among the highest found in New Zealand. 
C. Forestry 
N and P concentrations in forested Loudon Stream were generally 
very low, being comparable to those in undisturbed Stony Creek (Figs. 
IV-1 to IV-5) and indicative of the high water quality of streams 
draining native and exotic forested catchments compared to those 
draining pasture or clearfelled catchments (~~ite 1972; McColl et al. 
1977; Graynoth 1979; Neary et al. 1978). Annual export rates from 
different forested catchments are variable and the extrapolated Loudon 
export rates appear to be low in comparison to most catchments (Table 
IV-7). 
Clearfelling appeared to result in increased concentrations in all 
N and P forms as evidenced from catchments Fl and F2. The particularly 
large increase in N03-N levels is consistent with other studies 
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overseas and in New Zealand (e.g. Likens et al. 1970; Graynoth 1979; 
Mosley and Rowe 1981; Dyck et al. 1983; Feller and Kimmins 1984) . 
Export rates from Maimai 7 catchment were studied for a 113 day period 
following clearfelling by Neary et al. (1978) who state that although 
N and P concentrations were returning to pre-logging levels, annual 
outputs for N and P for the first post-logging year would have about 
two or three times normal. N and P loading rates from F1 and F2 were 
approximately 3 to 20 times higher than Loudon Stream levels. 
It is evident that N and P exports from the catchments surrounding 
Lake Mahinerangi are generally low compared to other New Zealand 
catchments of comparable land uses (Table IV-7) . The Mahinerangi 
catchments exported especially low amounts of dissolved inorganic N and 
DRP. 
To establish whether relationships exist between N and P exports 
and land use among New Zealand catchments, ranges and mean export 
values from the different land uses are presented in Table IV-8. 
Clearly there is considerable overlap in exports among the land uses. 
No significant differences were found in N and P export between the 
land use types using Duncan's New Multiple Range Test on the data. 
This suggests that factors other than land use are influencing exports 
from the catchments. 
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Table IV-8. Ranges and mean export values of N and P from the New 
Zealand catchments of different land uses presented in 
Table IV-7. (kg.km-2.yr-1}. 
Land Use DRP TP NH4-N N03-N TN 
Native 4.1 - 29 10 - 143 2.3 - 23 1 - 70 74 - 348 
Grassland 12.9 66.8 11.9 21.2 186.6 
Pasture 1.4 - 91.3 14.9 - 164.3 2.7 - 21.9 0.6 - 543 99 - 1159 
22.2 69.4 14.3 193.4 518.2 
Forest 1.3 - 57 7.1- 75 0.6 - 23 2.0 - 509 37 - 987 
22.5 34.6 9.8 109.7 246 
Clear- 6.9 - 25 42 - 52 10.5 - 32 43 - 83 224 - 385 
felled 13.6 45.7 18.8 57 301 
The data from my study indicate that there is a possible 
relationship between nutrient export rates and catchment size. In the 
two small agriculturally developed catchments, N and P exports were 
much greater than those from the larger catchments. A simple 
correlation analysis was used to test for relationships between 
catchment area and export in the data in Table IV-7. All significant 
relationships were positive, in contrast to the negative relationship 
between area and export suggested in my data. Significant correlations 
between catchment size and export rates among the native grassland 
catchments were found for NH4-N (r = 0.84, p < 0.02), N03-N (r = 0.78, 
p < 0 . 0 5) and TN ( r = 0 . 8 7 , p < 0 . 0 5) . Among the agricultural 
catchments only N03-N exports were related to catchment size (r = 0.74, 
--
\ 
p < 0.002). In the forested catchments, DRP and TP export rates were 
significantly correlated to area (DRP, r = 0.89, p < 0.002; TP, 
r = 0.85, p < 0.005). 
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Geological characteristics have also been shown to significantly 
affect phosphorus exports from catchments (Dillon and Kirchner 1975; 
Grobler and Silberbauer 1985) . Few New Zealand catchments of 
sedimentary geology have been studied and the only metamorphic 
watersheds for which N and P exports are available are from this study 
(Table IV-7) . The igneous catchments studied are all from the central 
North Island region where the rock is volcanic in origin. Most sources 
of streams in this region are groundwater springs (Hoare 1981; Schouten 
et al. 1981). Groundwaters in this area often have high inorganic N 
and P content (Baber and Wilson 1972; Russell and Rogers 1977; Grinsted 
and Wilson 1978; Schouten et al. 1981; Williamson and Cooke 1982). 
Consequently, pasture and forest watersheds of igneous origin display a 
wide range but generally higher N03-N and TN exports than other 
catchments of sedimentary or metamorphic origin (Table IV-9) . N03-N 
and TN exports from igneous pasture watersheds were significantly 
higher than exports from the metamorphic catchments of this study 
(t-test; N03-N, t = 4.30 1 p < 0.002; TN, t = 2.62, p < 0.05). Exports 
of phosphorus from pasture watersheds will perhaps be complicated by 
differences in P-fertilizer application rates; although the catchments 
from this study appear to be comparably low in DRP exports, no 
significant differences were found in P exports between the three 
geological groups. 
Of the forested watersheds, those overlying igneous rock appear to 
export generally more P than sedimentary (TP, t = 2.54, p < 0.05) and 
metamorphic catchments. Wide variation among igneous catchments meant 
that N03-N and TN exports from these catchments were not significantly 




Table IV-9. Ranges and mean export values of N and P from the New Zealand 
catchments of different land uses presented in Table IV-7. 
(kg. km-2. yr -1). 
Geology DRP TP NHil-N N03-N TN 
-
Pasture: 
Igneous 8.4- 91.3 40 - 79 10 - 21.9 60 - 543 258- 1159 
30.4 58.3 16. 1 334 719 
Sedimentary 3.8 - 39 29.3 - 164.3 - 136 517 
21 .4 96.8 
Metamorphic 4.6 - 22.8 111.9 - 147 2.7 - 20.4 0.6- 27.1 99 - 506 
11 • 0 71.6 11.8 8.3 278 
Forested: 
Igneous 11.4- 57 31 - 75 3.3 - 16 2.0 - 509 46 - 987 
37.5 52.9 8.7 200.5 377 
Sedimentary 1.3- 23 7.1 - 39 10 - 23 4.4 - 48 59 - 196 
12.7 22.9 16.5 24.1 140 









Exports of N03-N and TN from the igneous grassland/scrub 
catchments are low relative to igneous catchments of pasture or forest 
land use (Table IV-7) . It is not known whether this is the result of 
differences in land use or differences in geology between the grassland 
catchments and the others. The grassland catchments lie over andesitic 
rock types at the head of Lake Taupo, while the other catchments are 
predominantly rhyolitic in origin (Schouten et ~· 1981) . 
From the data available, geological differences appear to be 
important in determining N and P exports from New Zealand watersheds. 
Igneous catchments generally export greater amounts of N and P compared 
to sedimentary or metamorphic watersheds and perhaps also greater 
amounts of DRP. Within watersheds of similar geology, land use is an 
important factor; with P exports from igneous catchments excepted, 
pasture catchments appear to export generally more N and P than 
forested ones (Table IV-9) . 
Positive correlations between forms of N and P and catchment area 
are surprising given the inverse trend suggested by the Mahinerangi 
data and studies overseas (Gilliam 1981; Beaulac and Reckhow 1982). 
These correlations are perhaps fortuitous if the effects of catchment 
geology are taken into account. Igneous catchments, with higher N and 
P exports, are also generally the largest catchments studied (Table 
IV-7). 
With the wide variation in exports among catchments of similar 
land use and geology, it is difficult to assess whether average export 
values will be useful in predicting Nand P loads to New Zealand lakes. 
Other factors, however, may be important in quantifying exports from 
catchments within geological and land use groupings. Water yield, as 
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suggested by the Mahinerangi data, has been shown to account for large 
variation both within and between catchments in overseas studies (e.g. 
Hill 1978; Minns and Johnson 1979; Grobler and Silberbauer 1985). 
Unfortunately, few data were available to test this relationship for 
New Zealand catchments. Aspects of catchment morphometry, such as 
drainage density, slope and basin relief, may also influence runoff and 
exports from catchments (e.g. Dugdale and Dugdale 1961; Taylor 1967; 
Kirchner 1975) . Climatic factors may also be a major determinant of 
exports from forest catchments (Beaulac and Reckhow 1982) . Fertilizer 
application rates are also likely to be important. For example, TP 
export values from New Zealand pasture catchments are clearly much 
higher than values reported for similar catchments by Dillon and 
Kirchner (1975), most likely as a result of the heavy application rates 
of P-fertilizer in this country. 
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CHAPTER FIVE 
THE APPLICATION OF EMPIRICAL MODELS TO LAKE MAHINERANGI 
V.l INTRODUCTION 
Rmpirical science attempts to make predictions about the future 
state of a system. Although it provides no explanation as to why 
predicted events will occur, it may serve as the basis from which 
explanatory theory (and hence better prediction) may be derived (Rigler 
1975, 1982a, 1982b). The proliferation of published empirical 
relationships between variables in lakes over the past decade and a 
half is an indication of the usefulness, wide applicability and general 
success of this approach. Most modeling studies are aimed at 
predicting eutrophication - that is, how a lake will change in relation 
to a change in its nutrient income. Most studies have concentrated on 
phosphorus rather than nitrogen as it is often the nutrient limiting 
further algal growth in lakes (Schindler 1977). Phosphorus also has a 
less complex cycle in lakes and its supply is generally easier to 
control than nitrogen. 
The empirical modeling process generally involves two steps. 
First, the prediction of in-lake nutrient concentration from the 
external loading of the nutrient (Vollenweider 1969, 1975, 1976; Dillon 
and Rigler 1974a; Larsen and Mercier 1976; Schindler et al. 1978; 
Reckhow 1979a). Simple steady-state phosphorus loading models attempt 
to predict the combined effect of a number of complex interactions upon 
TP concentration in the water column. Only three basic processes are 
_! 
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considered: external loading, and losses via sedimentation and 
outflow. 
The development of the steady-state models from these three 
processes requires several simplifying assumptions. These assumptions 
are: that the lake is completely mixed, that the loading rate is 
constant, that outflow concentrations are equal to in-lake 
concentrations and that phosphorus sedimentation is proportional to the 
amount of phosphorus in the lake. The first assumption, that of 
complete mixing, is clearly violated in stratified lakes. This has led 
other . investigators to propose alternative more "complex" models for 
these lakes (e.g. Imboden 1974; Snodgrass and O'Melia 1975; Thomann 
1977) . However, these models generally require more parameters to be 
estimated and, for the prediction of average in-lake concentrations, 
"simple" steady state models appear to be just as adequate (Scavia and 
Chapra 1977; Tapp 1978; French 1984). 
The assumptions above apply to all simple steady-state models. 
Differences between the models arise from the method of calculation of 
sedimentation (contrast Vollenweider 1969, Dillon and Rigler 1974a, and 
Chapra 1975). 
As well as predicting total phosphorus concentrations, several 
steady-state P-leading models have been shown successfully to predict 
DRP concentrations in reservoirs in East Germany (Benndorf 1979) and 
Southern Africa (Thornton and Walmsley 1982). Recent attempts to 
develop nitrogen loading models have followed a similar theoretical 
basis to that used for P modeling (Bachmann 1980; OECD 1982). 
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The second stage in the empirical modeling process is the 
prediction of algal biomass or another index of trophic state from the 
in-lake nutrient concentration. Chlorophyll ~ has been most commonly 
used as the measure of algal biomass in these correlational models. 
(e.g Sakamoto 1966; Dillon and Rigler 1974b; Jones and Bachmann 1976; 
Hickman 1980; Prepas and Trew 1983). Total phosphorus concentration 
will at best explain only about 80% of the variance in chlorophyll ~ 
using log-transformed data collected from numerous lakes. Thus, 
confidence limits for predicted values are wide after the data are 
retransformed. The unexplained variance is the result of differences 
between lakes in other factors which may also affect the TP - Chl ~ 
relationship. These include: variation in chlorophyll content among 
algal species (Nicholls and Dillon 1978; Haslauer et al. 1984), 
variation of the fraction of P available to phytoplankton between lakes 
(Schaffner and Oglesby 1978; Peters 1979), flushing rate (Dillon 1975), 
non-algal turbidity (Canfield and Bachmann 1981; Lambou et al. 1982; 
Hoyer and Jones 1983; Ferris and Tyler 1985), mean depth (Pridmore et 
al. 1985), mixing patterns (Riley and Prepas 1985), zooplankton 
grazing (Kalff and Knoechel 1978; Pace 1984), and presence of aquatic 
macrophytes (Canfield 1983; Canfield et al. 1984) . Some have 
suggested that phytoplankton productivity may be a better index of 
algal response than chlorophyll~ (Fee 1979; Smith 1979). Others have 
sought to use empirical models to predict such things as Secchi disc 
transparency (Carlson 1977; Lambou et al. 1982), hypolimnetic oxygen 
deficit (Walker 1979; Cornett and Rigler 1979), zooplankton biomass 
(McCauley and Kalff 1981; Rognerud and Kjelberg 1984; Hanson and Peters 








To establish the generality of simple empirical models they must 
be tested on a wide variety of lakes in different localities. Apart 
from some phosphorus loading and phosphorus-chlorophyll models, very 
few of the numerous models proposed, have been developed or tested on 
lakes in the Southern Hemisphere. For example, a recent international 
eutrophication study, by the Organisation for Economic Cooperation and 
Development, included only two Southern Hemisphere lakes, both in 
Australia (OECD 1982) . In addition, whilst most models have been 
developed and tested on data collected from a large number of lakes, 
few have been tested on long-term data gathered in single lakes 
undergoing changes in trophy. Smith and Shapiro (1981) have already 
demonstrated that there is wide variation in TP - Chl ~ regressions 
between individual lakes undergoing recovery. 
In New Zealand, there has been some application of P-leading 
models (McColl 1978a; Hoare 1980) but little testing due mainly to a 
lack of loading data for most lakes. Comparisons of TP concentrations 
predicted by three P-loading models with those observed in some North 
Island New Zealand lakes has yielded variable results (Hoare 1981; 
White 1983) . Given that nitrogen may limit algal growth in many New 
Zealand lakes (White 1983; White et al. 1985), models that will 
predict nitrogen concentrations from N-loading may be more useful in 
this country. 
The development of models to predict trophic response from in-lake 
nutrient concentration in New Zealand lakes is restricted also by a 
shortage of basic water quality data on New Zealand lakes and the 
fragmentary nature of the available data. 
published empirical models have been made. 
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Few comparisons with 
Total phosphorus 
chlorophyll ~ relationships in New Zealand lakes show a general 
similarity to comparable equations from Northern Hemisphere lakes 
(Pridmore et al. 1985) as do those from other Southern Hemisphere 
regions (Walmsley and Thornton 1984; Ferris and Tyler 1985) . White 
(1983) warned against direct application of the OECD (1982) TP - Chl £ 
relationship to New Zealand lakes because the OECD data were screened 
on the basis of N : P ratios to ensure all lakes in the analysis were 
phosphorus limited. Many New Zealand lakes don't meet these criteria. 
However, the importance of nitrogen in regulating chlorophyll ~ 
concentrations in New Zealand lakes has not yet been firmly established 
(c.f. Pridmore et ~- 1985). 
The long-term data collected from Lake Mahinerangi allow a good 
opportunity to investigate the applicability of published empirical 
models to a New Zealand lake which has undergone eutrophication. 
Although TP and TN concentrations have been measured in this lake only 
recently, data on DRP, chlorophyll ~ and phytoplankton productivity 
since 1964-66 are available. Because the lake is well mixed for most 
of the year, simple nutrient loading models are appropriate for this 
lake. 
In the analysis that follows, the nutrient data collected from the 
inflows during the present study were used to construct nitrogen and 
phosphorus budgets for the lake over this period. Further, the land 
use equations and export coefficients derived in the previous chapter 
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were combined with the known history of land development to estimate N 
and P loads for 1981 and 1982 as well as for earlier years. 
Predictions from several steady state nitrogen and phosphorus loading 
models, all developed primarily for north tempera·te lakes, were 
compared to observed TN and TP concentrations. In addition, expected 
DRP concentrations were calculated from DRP loading using phosphorus 
loading models and compared to observed concentrations for seven 
different years between 1965 and 1982. 
Vollenweider's (1976) model was used to estimate average annual TP 
concentrations in 1965 and 1969. These calculated concentrations and 
the corresponding observed 1981 concent;ation were subsequently used to 
test recently published models that predict chlorophyll ~ and 
phytoplankton production rates. The relevance of TN concentration to 
these measures of algal response was also investigated. The models of 
Hanson and Peters (1984) and McCauley and Kalff (1981) which predict 
average zooplankton biomass from TP concentration and phytoplankton 
biomass were also tested. Where Lake Mahinerangi differed from the 
predictions of models developed for north temperate lakes, the models 
were further tested using available data in other New Zealand lakes. 
The aims of this part of the study, therefore, were: 
1. To calculate nitrogen and phosphorus loads to Lake Mahinerangi 
during 1981-82 from measured concentrations and flow rates in the 
inflows. 
2. To compare calculated Nand P loads to those predicted using the 
regression equations of nutrient concentration on land-use 
developed in Chapter IV. 
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3. To compare observed N and P concentrations in Lake Mahinerangi to 
those predicted from published loading models. 
4. To investigate whether published models relating in-lake N and P 
concentrations to the trophic indicators, chlorophyll ~ 
phytoplankton productivity and zooplankton biomass, can be applied 
to Lake Mahinerangi and other New Zealand lakes. 
5. To use these findings to predict future nutrient concentrations and 
phytoplankton productivity in Lake Mahinerangi, when planned land 
development in the catchment is completed. 
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V.2 METHODS 
V.2.1 Direct Estimation Of Nutrient Loads To Lake Mahinerangi, 1981-82 
Nitrogen and phosphorus loadings to Lake Mahinerangi from July 
1981-June 1982 were determined from the calculated inputs from the six 
main tributaries, the unmonitored small streams surrounding the lake, 
and direct precipitation onto the lake. Loads from the six main 
tributaries were calculated as the s~~ of the monthly N and P loads 
calculated in Chapter IV. Land use in the unmonitored small basins was 
separated into forested, clearfelled, ploughed pasture, oversown and 
topdressed, and undeveloped areas. Loads from the forested areas were 
calculated from the export coefficients determined for Loudon Stream 
(see Table IV-5) . Published evidence suggests that clearfelling leads 
to increased stream nutrient concentrations for 2-3 years (e.g. Likens 
1978; Feller and Kimmins 1984). Losses from clearfelled 
regions surrounding Lake Mahinerangi wer~ calculated on the basis of 
areas felled in the previous three years. Loads were calculated from 
the average export coefficients for the clearfelled catchments Fl and 
F2 (Table IV-5) . 
N and P contributions from ploughed marginal areas were calculated 
from the average of the export coefficients of the agricultural 
catc~~ents Al and A2 (Table IV-5) . 
Representative basins from oversown and topdressed marginal areas 
were not sampled. Loads from these areas were calculated, rather 
arbitrarily, using the export coefficients for Northwest Stream (Table 
IV-5). 
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Nutrient loads from undeveloped areas around the lake margin were 
calculated from Stony Creek export coefficients (Table IV-5) . 
Seven rainwater samples were collected for nutrient analysis 
between October and December 1982. Precipitation was collected via a 
clean 20 em diameter polyethylene funnel into an acid-cleaned 1 litre 
polyethylene sample container. The apparatus was supported 
approximately 0.5 m above the ground and was located on a clear site 
near the inlet of Northwest Stream (see Fig. I-1). Samples were not 
collected immediately after rain periods but were collected during 
routine stream sampling. Average concentrations of DRP, NH4-N, N03-N 
and TN were similar to those found in other New Zealand studies (Table 
V-1) . Average TP concentrations were approximately twice as high as 
any recorded previously, but this may be due to a large contribution 
from dry fallout and particulate components carried by the rain or the 
result of transformations within the sample container. 
Atmospheric N and P inputs to Lake Mahinerangi were calculated as 
the product of ave+age concentrations in the rainwater samples and 
total annual precipitation onto the lake. 
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Table V-1: Comparison of average concentrations of N and P forms in 
precipitation from this study with those in other New 
Zealand studies. (ug .1-1 ) 
_, 
Study DRP TP NH4-N N03-N TN 
-'- Will (1959) 2-7 
Miller (1961) 16 210 
Fish (1975) 19 300 60 
Fish (1976a) 5.7 7.3 84.2 21.5 186.7 
Fish (197 6b) 7 78 24 
Bargh (1977, 1978) 16 34 60 510 
Neary~ al. (1978) 6 10 28 25 108 
McColl (197 8b) 3 27 68 16 
Mosley and Rowe (1981) 30 130 20 
Mitchell and Burns (1981) 160 9 
----' 
This study 28.4 63.4 134 19.2 394 
V.2.2 Outflow Loads Of NAnd P From Lake Mahinerangi 
One of the major assumptions of simple steady-state models is that 
the lake is completely mixed and, therefore, that nutrient 
concentrations in the lake and the outflow are equal. 'rhe OECD (1982) 
report gives examples where, due to particular basin morphometry, 
hydrology and the position of the outlet relative to the major inflows, 
the use of a single sampling site to characterize in-lake and hence 
outflow concentrations may lead to large errors in estimation of actual 
outlet and lake N and P concentrations. Errors such as this appear 
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more likely to occur in reservoirs (OECD 1982) . 
In order to test this assumption in Lake Mahinerangi, nutrient 
concentrations in the outflow were sampled during 1982 and results are 
compared to those recorded at Station 1 in Table V-2 (data, Appendix 
V-B) . Although average concentrations of all forms of N and P in the 
outflow were slightly lower than those at Station 1, the assumption 
that nutrient concentrations in the lake are equal to those in the 
outflow appears reasonably well justified for Lake Mahinerangi. 
Monthly outflow loads of N and P during 1981-82 were computed from 
monthly mean concentrations at Station 1 multiplied by monthly outflow 
discharges. Monthly loads for the period July 1981 to June 1982 were 
summed to estimate annual nutrient outflows. 
Table V-2 Comparison of geometric mean N and P concentrations in the 
outflow with those at the main station in Lake Mahinerangi, 
1982. (ug.l-1). 
Outlet Station 1 
No. No. 
samples Range Mean samples Range Mean 
DRP 16 Nil - 38.9 4.1 16 1.0 - 8.5 4.4 
TP 16 12.8 - 59.9 20.4 16 11.2 - 41.4 23.8 
NH4-N 8 Nil - 10.8 3.9 11 Nil - 35.0 6.6 
N03-N 16 Nil - 8.4 1.4 13 Nil - 9.7 2.1 
TN 9 52 - 275 160 11 74 - 367 200 
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V.2.3 Indirect Estimation Of Nutrient Loads To Lake Mahinerangi 
A. Past And Present Loads 
Nitrogen and phosphorus loads to Lake Mahinerangi were also 
estimated for several years between 1965 and 1982 for which chemical 
and biological data were available for the lake. Estimates were based 
on the changes in land use in the catchment since 1965, summaries of 
which are presented in Appendix v-c. With rainfall and winter 
electricity demands being variable from year to year, inflows to and 
outflows, and hence water loading and retention time, also vary widely 
from year to year. Hydrologic parameters specific for each year were 
used when applying the models. Annual surface inflows were calculated 
for each year from yearly outflow, change in volume, evaporation and 
precipitation data, obtained from the Dunedin City Council Electricity 
Department and the New Zealand Meteorological Service, and summarized 
in Appendix V-D. 
Annual surface inflows for the major tributaries were estimated 
from the total surface inflow by simple proportion as in Section 
IV.2.2, Chapter IV. Annual geometric mean nutrient concentrations in 
each stream were calculated from the percentage agricultural 
development in each catchment using the regression equations derived in 
the previous chapter (see Table IV-3) . Loads were then obtained as the 
product of annual average concentration and annual stream inflow. 
Nutrient inputs from marginal areas and precipitation were calculated 
using the same methods as for 1981-82 outlined in Section V.2.1. 
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B. Future Nutrient Loads 
Uncertainty is introduced in estimating future nutrient loads 
because important hydrological factors obviously cannot be measured. A 
recent change to the hydrology is the diversion of part of the flow of 
Deep Stream, north of the lake catchment into Lammerlaw Stream. This 
diversion came into operation in late 1984 and was designed to augment 
the inflow for electricity generation rather than for eutrophication 
control. During a normal year surface inflows to the lake are expected 
to be increased by 20% from this source (J. Graham, Dunedin City 
Council Electricity Department, pers. comm). 
A "standard" future hydrology was derived as an approximate 
average of the seven years of hydrological data in Appendix V-D: 
1. Surface inflows were assumed to be 200 x 106 m3.yr-1 . This figure 
is similar to the 1981-82 period over which inflow nutrient loads 
were measured. 
2. Direct precipitation onto the lake surface was assumed to be 
16.5 x 106 m3.yr-1. 
3. Evaporation from the lake was set at 7.5 x 106 m3.yr- 1. 
4. The lake volume was standardized at 200 x 106 m3 , corresponding to 
a water level of 387.7 m a.s.l. 
This standardized hydrology was used to predict the effects of 
planned land development (Appendix V-E) on TP concentrations in the 
lake, expected in the absence of the Deep Stream diversion. The 
effects of the diversion itself were modeled assuming it represents a 
20% increase in inflow and outflow. 
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A "standardized" hydrology for periods with and without the Deep 
Stream diversion is presented in Appendix V-F. Nutrient loads for 
these two periods were estimated using the procedures outlined above 
(Section V.2.3-A.). Few data are available of nutrient concentrations 
in Deep Stream, but its catchment, like that of the adjacent Stony 
Creek, is quite undeveloped. Shirvell (1979) reported concentrations 
of DRP, NH4-N and N03-N in quarterly measurements during 1974-78, that 
were similar to those found in Stony Creek in this study. Nutrient 
loads in the Deep Stream diversion were, therefore, calculated on the 
assumption that concentrations were equal to the geometric mean 
concentrations in Stony Creek (see Figs. IV-1 to IV-5). 
V.2.4 Uncertainty Analyses In The Estimation Of Past And Future 
Phosphorus Concentrations 
Recently, several workers have developed methods of error analysis 
for lake models (e.g. Reckhow 1979b, 1979c 1983; Walker 1982; Malone 
et ~- 1983; Mericas and Malone 1984). Reckhow has pointed out that 
the potential error of an estimate is just as important as the estimate 
itself. Errors arise in model applications from three sources; the 
model, the model parameters and the model variables. The contribution 
of parameter error to the total error is generally small (Reckhow 
1979c; Chapra and Reckhow 1979) . Errors in estimates of model 
variables, for example hydrological components and in particular, P 
loading, may, however, be very high (e.g. Winter 1981; LaBaugh and 
Winter 1984) . A large proportion of the total error is likely to be 
the result of errors in model variables in the data set from which the 
model was derived as well as the natural variability between lakes 
(Reckhow 1979c, 1983; Reckhow and Chapra 1979) . 
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For Vollenweider's (1976) model, Chapra and Reckhow (1979) 
presented a preliminary method for the estimation of uncertainty. 
Although they did not provide their estimate of total error for this 
model, which they derived from data on 117 northern temperate lakes, I 
have calculated it for the log-transformed model from the confidence 
limits they give as 0.165 log-units. 
Generally, it is recommended that if a model is applied to a lake 
for which P loading and hydrological parameters are directly measured, 
uncertainty in these terms is approximately similar to the uncertainty 
in these variables in the model development data set. Therefore, 
errors in these terms are incorporated in the model error and thus they 
need not be considered separately (Reckhow 1979a, 1979c, 1983) . 
For Lake Mahinerangi total phosphorus concentrations in 1965 and 
1969 were estimated from Vollenweider's (1976) model, the land use in 
the catchment in those years, and specific export coefficients. The 
hydrological components used in the model, Tw and qs, were those 
specific to the years modeled (Appendix V-D), and their errors were 
assumed to be negligible. Similarly, differences in hydrological 
inputs between the years modeled were taken into account in the 
estimation of TP loads from the major streams for each year. For these 
years, errors in the estimates of TP loading and hydrological variables 
were, therefore, assumed to be similar to those in the model 
development data set. Prediction intervals (Reckhow 1983) 
determined from the model error (0.165) as 
Error 
log P_est .± 0.165 
10 
where P_est is the estimated in-lake TP concentration. 
were 
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Errors in the model variables become larger when the model is used 
for prediction of future TP concentrations, because, obviously, the 
hydrologic factors cannot be measured. As stated above, the effects of 
the diversion on TP concentrations were investigated by applying the 
model to similar years with and without the diversion. Estimated TP 
concentrations are presented with 95% confidence intervals. The 
effects of hydrological variations on predicted TP concentrations are 
further discussed in Section V.3.11-B. 
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V.3 RESULTS &~DISCUSSION 
V.3.1 Nutrient Loading To Lake Mahinerangi, 1981-82 
Nitrogen and phosphorus loads to Lake Mahinerangi during the 
period July 1981-June 1982 are presented in Table V-3. The total load 
of phosphorus entering the lake was estimated to be approximately 10 
tonnes (630 mg.m-2.yr-1). Dissolved reactive phosphorus contributed 
only 26% of the total P load during this time so that inputs of 
particulate and organic P were relatively high. Collectively, the main 
tributaries contributed 36% of the total phosphorus and 43% of DRP to 
the lake with the Waipori River being the largest single source of 
phosphorus. The small basins surrounding the lake contributed only 32% 
of surface water inflows, but supplied over half (54%) of the TP and 
40% of DRP inputs to the lake. Of the different land uses in these 
areas, the ploughed catchments were the largest source of TP (33% of 
total P inputs). Contributions of phosphorus from clearfelled and 
standing forest areas were small relative to inputs from agricultural 
sources. 
Atmospheric loading represented an input rate of 65 
mg TP m-2.yr-1, and accounted for approximately 18% of the DRP load but 
only 10% of the TP inputs. 
Approximately 56 tonnes of total nitrogen entered Lake Mahinerangi 
during this same period (Table V-3, 3500 mg.m-2.yr- 1). A very large 
proportion of this input was in particulate and organic form with NH4-N 
and N03-N inputs representing only 9% of TN loads. Dissolved inorganic 
N inputs to this lake are very low compared to other New Zealand lakes. 
DIN contributed approximately 40-60% of TN inputs in surface inflows to 




















(mg .m-2. yr -1) 
Outflow (kg) 
External nitrogen and phosphorus 
Mahinerangi, July 1981 - June 1982. 
percentage of TP or TN total input. 
DRP TP 
(kg) (kg) 
720 1880 (18) 
40 130 (1) 
110 690 (7) 
130 410 (4) 
110 280 (3) 
30 340 (3) 
470 1050 ( 10) 
40 170 (2) 
40 190 (2) 
470 3430 (33) 
500 1600 (16) 
30 60 ( 1 ) 




inputs to and outputs from Lake 
Figures in brackets represent 
NH4-N N03-N TN 
(kg) (kg) (kg) 
190 130 15870 (28) 
50 10 1490 (3) 
370 70 4170 (8) 
40 60 1750 (3) 
40 40 2370 (4) 
60 10 2220 (4) 
2220 320 6550 ( 12) 
10 50 690 ( 1 ) 
50 280 1490 (3) 
460 400 11830 (21) 
150 240 6850 (12) 
10 10 750 (1) 
3650 1620 56030 (100) 
225 100 3459 
1650 200 29130* 
* Total nitrogen outputs represent September 1981 - August 1982. Total outflow for this 
period was 190 x 106 m3. 
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Rotorua (Hoare 1980) . 
The main tributaries collectively supplied approximately half of 
the inputs of total nitrogen. The Waipori River was the largest single 
source of TN to the lake. The unrnonitored small basins supplied about 
40% of TN inputs, with those basins with agricultural land use 
contributing large amounts. TN inputs from . both forested and 
clearfelled regions were small (4%) compared to other sources. TN 
loading from the atmosphere was estimated to be 6550 kg (loading rate 
of 405 mg.m-2.yr-1) and represented approximately 12% of the total 
nitrogen inputs. 
Atmospheric fallout was by far the most important source of NH4-N 
to Lake Mahinerangi, apparently supplying about 60% of the NH4-N input. 
Nitrate-N inputs were approximately half those of NH4-N inputs. 
Significant sources of N03-N to the lake were from the ploughed (25%), 
clearfelled (17%), oversown and topdressed (15%) small basin areas and 
from the atmosphere (20%) . 
V.3.2 Nutrient Retention In Lake Mahinerangi 
The estimated outflows of N and P from Lake Mahinerangi are also 
given in Table V-3. Approximately 5 tonnes of TP were retained in the 




(Dillon and Rigler 1974a), was 0.50 for total phosphorus. A greater 
fraction of DRP was retained in the lake (Rp = 0.62}, perhaps due to 
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uptake by phytoplankton and/or adsorption to seston particles. 
One group of models has focussed on predicting retention 
coefficients for phosphorus from the morphology and hydrology of lakes. 
Several of these relationships are presented along with the calculated 
Rp values for Lake Mahinerangi in Table V-4. The calculated Rp values 
ranged from 0.48 to 0.63. All but Ostrofsky's (1978) equation provide 
good predictions. This equation, however, was developed for lakes with 
lower qs values than Lake Mahinerangi. The models of Chapra (1975), 
Dillon and Rigler (1975) and the first of Larsen and Mercier (1976) all 
incorporate an apparent phosphorus settling velocity, v. Each 
considers vas a constant for all lakes. The observed value of 0.5 for 
Rp would represent a settling velocity of about 13 m.y-1 for P in Lake 
Mahinerangi. 
Variations between estimated and observed Rp values may depend not 
only on the characteristics of the lakes in the original data sets but 
also on the sampling designs with which P exports and P inputs in 
particular, were estimated (Larsen and Mercier 1976; Hoare 1980) . 
Prediction equations also represent a simplification of the processes 
that may be important in determining sedimentary P losses. Factors 
other than P inflows and outflows and morphology and hydrology, may 
also be important. For example, dissolved oxygen concentration at the 
sediment-water interface controls the rate of exchange of P from the 
sediments to the water column (Mortimer 1941, 1942) . Concentrations of 
major cations that combine with P in the water or sediments are 
probably important also. Nevertheless, agreement between the Rp 
values, calculated from only morphometric and hydraulic parameters for 
Lake Mahinerangi, are generally good. 
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Table V-4: Phosphorus retention equations and calculated retention 
coefficients, Rp, for Lake Mahinerangi, July 1981 - June 
1982. (mean depth, z = 12.2 rn; hydraulic loading rate, 
qs = 12.85 rn.yr-1; flushing coefficient, p = 1.43 yr). 
Retention Equation Rp 
Kirchner and Dillon (1975) 
Rp = 0.426 exp(-0.271qs) + 0.574 exp(0.00949qs) 0.52 
Chapra (1975) 
Rp =vI (qs + v), v 16 0.55 
Dillon and Rigler (1975) 
Rp =vI (qs + v), v = 13.2 0.51 
Larsen and Mercier (1976) 
Rp =vI (qs + v), v = 11.73 0.48 
Larsen and Mercier (1976) 
Rp = 1 I ( 1 + VP> 0.46 
Vollenweider (1976) 
Rp = Vz I (,f qs + ./Z) 0.49 
Ostrofsky (1978) 
Rp = 0.201 exp(-0.0425qs) + 0.574 exp(-0.0094qs) 0.63 
Reckhow and Chapra (1979) 
Rp = 0.4088 exp(-0.2899qs) + 0.5912 exp(-0.01019qs) 0.52 
Observed TP retention 0.50 
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Approximately 27 tonnes of TN were retained in Lake Mahinerangi. 
The retention coefficient for total nitrogen was 0.48, slightly lower 
than the retention coefficient for TP. Greater fractions of inorganic 
nitrogen were retained, especially riitrate (Rp for NH4-N, 0.55; for 
N03-N, 0.88), presumably largely due to direct uptake by phytoplankton. 
V.3.3 Estimated NAnd P Loads, 1965 - 1982. 
Estimated nutrient loads for several years between 1965 and 1982 
are presented in Table V-5. The 1981 data may be used for comparison 
of predicted with observed loads since rainfall and surface inflows 
during 1981 were very similar to the July 1981 - June 1982 period over 
which actual N and P loads were calculated (Appendix V-D) . Estimated 
loads were approximately 10% lower than actual loads. Deviations of 
estimated from observed loads for this period are most likely caused by 
the method of calculation of loads from the main tributaries. An 
annual average concentration estimated from the regression equation may 
fail to account for irregular variation in nutrient concentrations 
which were accounted for when actual loads were calculated on a monthly 
basis. 
Nutrient loads estimated for 1982 are probably too low also 
because during this year rainfall was particularly heavy in October and 
December (see Fig. I-4). Although these high inflows were accounted 
for in the calculation of loads from the main tributaries and from 
atmospheric sources, the use of export coefficients (kg.km-2.yr-1) from 
the July 1981 June 1982 period probably underestimated 1982 loads 
from the marginal areas. 
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Table V-5: Estimated past and present and observed N and P loads 
to Lake Mahinerangi. (mg.m-2.yr-1). 
DRP TP NH4-N N03-N TN TN:TP DIN:DRP 
],965 66 168 182 35 2020 12.0 3.3 
1969 64 172 166 34 1860 10.8 3.1 
1975 76 
1976 80 
1977 92 296 194 59 2530 8.5 2.8 
1981 134 572 201 92 3060 5.3 2.2 
1982 149 618 237 99 3360 5.4 2.2 
Observed 170 630 225 100 3460 5.5 2.0 
(July 1981 - June 1982) 
Despite the uncertainty in load estimation, the data in Table V-5 
suggest that inputs to Lake Mahinerangi of all forms of N and P have 
increased since 1965. Loads for most forms of N and P are lower in 
1969 than in 1965 as a result of lower hydrological inputs in 1969 
(Appendix V-D) . However, although TN inputs have only increased by a 
factor of approximately 1.5, TP inputs have increased approximately 
four-fold. This is most likely the result of P losses due to 
superphosphate application to developed areas. As a consequence, 
TN : TP ratios in total loads to the lake have decreased markedly from 
12 in 1965 to 5 in 1981-82. DIN:DRP ratios in inputs have always been 
low reflecting the very low DIN load to this lake and they have further 
declined since 1965. 
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V.3.4 Prediction Of TP Concentration From Phosphorus Loading 
Nine steady-state phosphorus loading models were selected to 
compare TP concentrations predicted from TP loading with those observed 
in the lake. The models tested were the most recently derived ones or 
models with da~onstrated predictive success. They may be considered as 
the state-of-the-art of empirical nutrient loading models. For all of 
the models tested, the morphometric, hydrological and chemical 
variables for Lake Mahinerangi were within the range of variation of 
the original sets of data from which the models were derived. 
Dillon and Rigler's (1974a) model has no empirical parameters and 
was selected because it has been highly successful in predicting P 
concentrations in reservoirs in North America (Mueller 1982) and 
southern Africa (Thornton and Walmsley 1982) . This model is a 
variation of Vollenweider's (1969) loading model in which the 
sedimentation rate coefficient was replaced by the retention 
coefficient, Rp (Table V-6) . Rp represents the fraction of P-load 
retained in the lake and has the advantage of being directly and easily 
measured (Section V.3.2). 
Vollenweider's (1976) model, derived from his earlier models 
(Vollenweider 1969, 1975) relates average lake P concentration to 
average inflow P concentration and water residence time. The model 
proposed by Walker (1977, cited in Reckhow 1979a), is Vollenweider's 
(1976) model with empirically derived parameters added. 
Reckhow (1979a) sought to improve the predictive success of 
P-loading models by developing three separate models based on the 
classification of lakes into those with oxic hypolimnia and with qs < 
50 -1 m.yr , lakes with oxic hypolimnia and qs > 50 m.yr- 1, and anoxic 
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Table V-6. Comparison of observed total phosphorus concentrations (TP, ug.l-1) with those predicted 
from P-loading models using the measured TP loading (LP, 632 mg.m-2.yr-1, for July 1981-
June 1982 from Table V-3) and those for 1981 estimated from the land development 
regression equations and export coefficients (572 mg.m-2.yr-1, from Table V-5). 
Retention time (Tw), qs, and pas in Appendix V-D; z = 12.2 m. 
Predicted TP concentration 
Model {Measured LP} (Estimated LP) 
July 1981-June 1982 1981 
TP= 
LP(l ;_ .Rp) 
24.5 22.0 qs Dillon and Rigler {1974a) 
Vollenweider (1976) 
LP 
TP = qs(1 + /rw) 26.8 23.4 
Walker (1977) 1 
LP[ 1 __ ] 
TP = qs I+0~8i4.'rw0 • 4>'>j 28.9 25.4 
TP = 18z 




TP= LP 23.4 21.0 11.6 + 1.2qs Reckhov and Simpson (1980) 






L:P 0.639 19.4 19.1 
(0.0569(-z-) + p) 
OECD (1982) [ LP ]0.82 a) TP = 1.35 qs(l + ITw) 23.0 20.6 
[: LP ]0.88 
b) TP = 1.02 qs(l + ITw) 18.4 16.3 
Observed TP concentration 23.3 23.8 
1. Cited in Reckhow (1979) 
(\. 
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lakes. The first model, which is the appropriate one for Lake 
Mahinerangi, was tested. 
Reckhow and Simpson's (1980) model is a derivative of that 
obtained independently by Chapra (1975) and Vollenweider (1975) . This 
model assumes a constant settling velocity of P to a bottom area 
equivalent to the-lake surface area. The parameters were derived from 
an empirical analysis of 47 north temperate lakes. 
Canfield and Bachmann (1981) estimated sedimentation coefficients 
from the data for 361 north temperate lakes and reservoirs of known TP 
concentration by rearranging Vollenweider's (1969) model to solve it, 
not for TP concentration but for the sedimentation coefficients. They 
then developed separate empirical equations for natural and artificial 
lakes to estimate sedimentation from phosphorus loading rates. Several 
variations of Vollenweider's (1969) model were developed and tested. 
The two models tested on the Lake Mahinerangi data were those that 
provided the best fit to their test data for reservoirs (Table V-6) . 
The models developed from the data base of OECD (1982) were based 
on Vollenweider's (1976) model but with empirical constants added, 
because the predicted slopes differed from those observed. The two 
models tested were one fitted to the whole data set (Equation a, Table 
V-6) and the other derived from the shallow lakes and reservoir data 
only (Equation b) . 
The models tested in this study are all based on similar 
assumptions as outlined in the introduction (Page 184). They differ 
only in the method of calculation of phosphorus sedimentation. The 
"best" model cannot be distinguished on purely theoretical grounds. 
Therefore, the models can only be separated on the basis of how well 
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they predict TP concentrations in a particular lake. My intention was 
to estimate future TP concentrations in Lake Mahinerangi based on 
predicted TP loading rates. Therefore, it was considered that the 
model selected should be that which most closely predicted TP 
concentrations from the estimated, rather than the measured, phosphorus 
loads. 
The confidence limits of TP concentrations predicted from P 
loading models are large, sometimes spanning an order of magnitude 
(Chapra and Reckhow 1979; Reckhow and Chapra 1979) . In spite of this, 
the models all predicted .TP concentrations in Lake Mahinerangi to 
W;th;n 6 ug.l-1, or about 25% o~ the ~ ~ , observed annual mean 
concentration (Table V-6). Reckhow and Simpson's (1980) model and the 
OECD (1982) model (a) gave the closest estimates of actual TP 
concentrations. The three models developed for artificial lakes, 
Canfield and Bachmann's (1981) models and OECD (1982) model (b), all 
underestimated TP concentrations in Lake Mahinerangi. Vollenweider's 
(1976) model predicted a TP concentration closest to actual 
concentrations from the estimated loads for 1981. This model was 
selected for the prediction of future TP concentrations. 
V.3.5 Prediction Of DRP Concentration From DRP Loading 
The models were further tested to see how well they predicted 
average DRP concentrations in Lake Mahinerangi for seven years between 
1965 and 1982, for which measured concentrations were available, based 
on calculated loadings (Table V-5) and hydrological data for each of 
these years (Appendix V-D) . The 1977 concentration was calculated as 
the average of 17 DRP measurements made between November 1976 and 
January 1980. 
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The models were compared for closeness of agreement between 
predicted and observed DRP concentrations by a chi-square test, and a 
graphical analysis of slopes and correlations. 
Canfield and Bachmann's (1981) models were the poorest in 
predicting DRP concentrations in Lake Mahinerangi. These two models 
generally overestimated DRP concentrations (Fig. V-1). These were the 
only models tested that estimated P sedimentation from a volumetric 
loading rate, or LP/z. This wide variance suggests that volumetric 
loading rates are perhaps a poor method of estimating P sedimentation 
in this lake. 
The remaining models provided good fits between observed and 
predicted DRP concentrations. Vollenweider's (1976) model and the 
three other models of which it forms the basis, Walker's model and the 
two OECD models, displayed the best correlation between observed and 
predicted values (Fig. V-1). Walker's (1977) model and the OECD (a) 
model both tended to overestimate DRP concentrations. The OECD (b) 
model produced close agreement between predicted and observed values, 
but the slope was much greater than unity, suggesting that this model 
may underestimate future DRP concentrations. Vollenweider's (1976) 
model appeared to provide the best DRP estimates of these models on the 
basis of closeness of fit between predicted and observed values 
(chi-square= 0.71) and a slope closest to unity. 
Dillon and Rigler's model had a slope closest to unity but 
consistently overestimated DRP concentrations in this lake. Both 
Reckhow's (1979) and Reckhow and Simpson's (1980) models showed 
good agreement between predicted and observed values, but had lower 
correlations compared to those based on Vollenweider's (1976) model. 
Figure V-1: Comparison of predicted and observed D~ 
concentrations in Lake Mahinerangi for seven years 
between 1965 and 1982 from the nine phosphorus 
loading models tested. Dashed 11ne represents 
line of exact agreement between observed and 
predicted values. Retention coefficient for D~ 
(Rp = 0.4) for Dillon and Rigler's model was 
calculated from Table V-3. 
Dillon & Rigler 
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Canfield & Bachmann (b) 
y=- 0·246 + 0·712 X, r • 0·74 
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Overall, several models appeared adequate to predict D~ 
concentrations in Lake Mahinerangi from estimated D~ loads. In spite 
of land development of about 435 hectares between 1975 and 1977, 
average D~ concentrations were lower in 1976 and 1977 than in 1975. 
Most of the models tested successfully indicated this effect which can 
be attributed to differences in water residence times and water loading 
rates during this period (Appendix V-D) . This result emphasizes the 
importance of year to year hydrological variations in determining 
phosphorus concentrations in reservoirs and how model estimation is 
improved through consideration of these variations. 
V.3.6 Prediction Of Total Nitrogen Concentration From TN Loading 
Little effort has been made to develop models to estimate nitrogen 
concentrations in freshwaters. Bachmann (1980) adapted Vollenweider's 
(1969) phosphorus loading model by replacing the phosphorus 




z (a + p) 
where LN is the areal TN loading in mg.m-2.yr-1, and a is the 
attenuation coefficient. Because nitrogen has a more complex cycle in 
lakewater than P, the attenuation coefficient must represent the 
balance of in-lake N processing; losses of N through sedimentation and 
denitrification and gains via internal loading and N-fixation. 
Bachmann estimated attenuation coefficients for his data base of North 
American lakes with known TN concentration by rearranging the model. 
He then developed separate empirical equations to estimate attenuation 
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from N loading or hydraulic flushing rates. His best model, which 
predicted attenuation from the volumetric N-loading rate, explained 67% 
of the variance in the attenuation. These empirical equations were 
then substituted back into the model. 
The ability of these models to estimate attenuation and 
subsequently TN concentration in Lake Mahinerangi was tested (Table 
V-7) . All three models underestimated TN concentrations by up to 70 
1 -1 ug. , although the observed TN concentrations were well within the 
95% confidence limits for each given by Bachmann (1980) . 
Table V-7: Comparison of observed annual average total nitrogen 
concentration (ug.l- 1 ) in Lake Mahinerangi during 1981-82 
with those calculated using Bachmann's (1980) model based 
on attenuation coefficients (a, yr-1) calculated from the 
volumetric loading rate (LN/z = 284 mg.m-3.yr- 1), areal 
nitrogen loading (LN 3459 mg.m-2.yr-1) and hydraulic 
flushing rate (p = 1.43 yr). 
Confidence 
Predicted Predicted limits 
Model a TN (95%) 
ln (a) -4.144 + 0.594 ln (LN/z), 0.45 151 70 - 430 
ln (a) -6.426 + 0.710 1n (LN), 0.53 145 60 - 370 
ln (a) -0.367 + 0.5541 ln (p) ' 0.84 125 45 - 395 
Observed a and TN concentration -0.03 202 
The models underestimated TN concentrations in Lake Mahinerangi 
which suggests either that the models overestimated N removal or that 
N-fixation is occurring. The calculated attenuation coefficient for 
Lake Mahinerangi from the rearranged model is -0.03 yr -1, much lower 
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than those calculated in Table V-7. Bachmann (1980) suggested that 
negative attenuation coefficients were the result of errors in the 
model parameters, indicated lakes with a net production of nitrogen via 
nitrogen fixation, or lakes not in steady state. Although not stated, 
it appears that these lakes were not included in his analysis. 
Bachmann (1980) found that, as a group, lakes with negative 
attenuation coefficients had average TN : TP ratios in the inputs 
markedly lower than the in-lake ratios. This contrasted with lakes 
with positive coefficients, ,which generally had similar TN : TP ratios 
in the inputs and the water column. Lake Mahinerangi was consistent 
with these observations. The TN : TP ratio in the total load was 5.5 
(Table V-5), much lower than the ratio of average concentrations in the 
lake itself (8.5). This increase in the TN : TP ratio from input to 
lake could have resulted from nitrogen fixation or nitrogen loading, 
differential retention of phosphorus and nitrogen in the sediments, or 
a combination of these factors. 
Although no -measurements were made, the evidence available 
,_ 
' 
suggests that the contribution from nitrogen fixation was insignificant 
in the open water of Lake Mahinerangi over the study period. Very few 
Anabaena f1os-aguae were found during routine monitoring (see Table 
II-12) and no heterocysts were observed. The bottom waters were oxic 
throughout the study period. It is, therefore, unlikely that strong 
internal loading of N from the sediments occurred during this time. 
Although errors in the estimates of both N and P loading to Lake 
Mahinerangi and of average concentrations in the lake itself can be 
expected, it is likely that these are of similar magnitude for both N 
and P. 
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If nitrogen fixation and internal loading are, indeed, 
insignificant in this lake, then the lower calculated retention 
coefficient for N does suggest that there is a more rapid P 
sedimentation. Evidence of a greater retention of P relative to N has 
also been observed in other lakes (e.g. Turner et al. 1983; Lewis et 
al. 1984) . 
Thus the models proposed by Bachmann (1980) appear to overestimate 
nitrogen sedimentation when applied to Lake Mahinerangi. The very low 
inputs of DIN to this lake perhaps indicate why this lake was primarily 
nitrogen limited (see Chapter III) . If nitrogen fixation and internal 
loading are unimportant, then much of the nitrogen needed to support 
phytoplankton growth must come from recycling. In addition, a higher 
sedimentation rate of P relative to N would explain why there is a 
close incipient P limitation in the lake; closer than input N : P 
ratios would suggest. 
OECD (1982) reported an empirical fit of the Vollenweider (1976) 
model for the prediction of N concentrations from N loading: 
TN 5.34 [LN I qs (1 +v"'fW)]0·78 
The fit achieved by this model (r = 0.92) to the OECD data base was 
better than those obtained by Bachmann's models to his data. Applied 
to Lake Mahinerangi, this equation predicted an in-lake average TN 
concentration of approximately 260 ug.l-1, overestimating observed TN 
by about 30%. It should be noted, however, that the average TN 
concentration in this lake was below the lowest value (263 ug.l-1) 
reported from the OECD (1982) data base. Furthermore, based on the 
trophic guidelines for average TN concentrations given in this report, 
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Lake Mahinerangi would be classified as highly oligotrophic, which is 
clearly contrary to observation (see Chapter II) . 
New Zealand lakes tend to have low TN concentrations compared to 
those in the OECD data base (White 1983) . Because there are very few 
data available on TN loads to New Zealand lakes, it is unclear whether 
this is the result of lower TN loads or greater retention of N in New 
Zealand lakes. It is likely, therefore, that any model developed from 
overseas data sets will be inapplicable to New Zealand lakes, as the 
OECD (1982) and Bachmann's (1980) models are to Lake Mahinerangi. 
V.3.7 Estimated TP Concentrations In Lake Mahinerangi In 1965 And 1969 
For Lake Mahinerangi, Vollenweider's (1976) model accurately 
estimated past and present DRP concentrations and present TP 
concentrations. The model was used, on this basis, to estimate average 
TP concentrations in the lake in 1965 and 1969 from the calculated 
loads (Table V-5) and hydrological variables (Appendix V-D) . Total 
phosphorus concentrations calculated from the model ·were 5.6 + 2.2 
ug.l-1 for 1965 and 7.4 ± 2.9 ug.l-1 for 1969. 
V.3.8 Estimation Of Chlorophyll A Concentrations From Nutrient 
Concentrations 
Four TP - Chl ~ models were tested using the estimated and present 
TP concentration data (Table V-8). Two of the models were derived from 
data on New Zealand lakes (White 1983; Pridmore et al. 1985), and the 
OECD (1982) equations are recent ones derived for a worldwide body of 
lakes. 
~ 
Only models based on annual mean TP and chlorophyll 
concentrations were used. Those based on data averaged over shorter 
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time periods were not appropriate, first, because the available 
estimates of TP concentrations for 1965 and 1969 were annual ones, 
derived from Vollenweider's (1976) model. Secondly, the annual maximum 
chlorophyll concentrations in Lake Mahinerangi occurred in Autumn (see 
Fig. II-12), outside the spring and summer periods used in many 
models. Chlorophyll maxima outside spring and summer occur in numerous 
other New Zealand lakes (e.g. Burnet and Davis 1980; Vincent 1983; 
Pridmore et al. 1985). Relationships based on annual averages are, 
therefore, the most appropriate for New Zealand lakes, and are also the 
most appropriate for combining with predictive loading models. 
While much of the variability inherent in the relationships tested 
here may reflect real variability among the lakes from which the 
regressions were derived, considerable variation may be the result of 
analytical and methodological errors in TP and Chl £estimation. This 
is particularly true for chlorophyll determinations where different 
extraction techniques and equations for chlorophyll calculation are 
employed by different workers (Nicholls and Dillon 1978). Of the 
models tested, only that of Pridmore et al. (1985) can be said to be 
based on standardized chlorophyll methods. Analyses in their study 
were carried out by one laboratory and where necessary, chlorophyll 
values were corrected for phaeopigments. Because the data bases of 
White's (1983) model and the OECD (1982) models were compiled from 
various sources, it is suspected that Chl £ values were derived using a 
variety of analytical techniques and that both corrected and 
uncorrected values were included. Therefore, variability about these 
latter models may not be wholly attributable to natural variability 
between lakes. 
Page 218 
The 1981 Lake Mahinerangi data illustrate this problem of 
chlorophyll estimation (Table V-8) . The four models applied to this 
lake tend to underestimate present chlorophyll concentrations when 
chlorophyll is uncorrected for phaeopigments, but they overestimate the 
corrected chlorophyll concentrations. 
Table V-8: Comparison of predicted versus observed chlorophyll 
concentrations in Lake Mahinerangi, 1965 - 1981. (ug .1-1) 
Equation 1965 
Pridmore et al. (1985) 
Log (Chl J!.) = -1.13 + 1.35 Log (TP) 0.74 
White (1983) 
Log (Chl .e,) -0.90 + 1.23 Log (TP) 1.02 
OECD (1982) 
a) Combined 
Log (Chl .2_) -0.55 + 0.96 Log (TP) 1.45 
b) Shallow lakes and reservoirs 
Log (Chl .£) = -0.284 + 0.81 Log (TP) 2.08 
Observed Chl .£ 
Seer-Unesco equation 5. 56 
Monochromatic calculation - total pigment 
Monochromatic calculation -
















The models also underestimated measured pigment concentrations in 
1965 and 1969 (Table V-8). Errors in the prediction of TP 
concentrations from Vollenweider's (1976) model for these years cannot 
be discounted. However, suitable agreement with the measured pigment 
levels would require TP concentrations approaching those observed in 
1981 which seems unlikely in terms of the changes that have occurred in 
the catchment. 
Disregarding the problems of chlorophyll estimation, the lack of 
agreement between the TP - Chl ~ models and observed values in Lake 
Mahinerangi may not be surprising given the high variability among 
individual lakes of Chl ~ responses to changes in TP concentrations 
(Schroder and Schroder 1978; Smith and Shapiro 1981). The few data 
available would imply a unique TP - Chl ~ relationship for Lake 
Mahinerangi with a higher intercept and lower slope than the 
relationships tested in Table V-8. This suggests that for Lake 
Mahinerangi, there is a lack of increase in Chl ~ per unit TP compared 
with the above models. Moreover, Chl ~concentrations in this lake may 
also depend on nitrogen concentrations as well as phosphorus. 
The importance of nitrogen to chlorophyll yield at TN : TP ratios 
of less than about 17 has been demonstrated by Sakamoto (1966) and 
Forsberg and Ryding (1980) . Others have demonstrated that variability 
about the TP - Chl ~ relationship could be reduced if TN was included 
in multiple regression models (Smith 1982; Canfield 1983). 
In the OECD data set, in which TN : TP ratios were predominantly 
over 15, little influence of TN on the TP - Chl ~ relationship was 
found. Of the two equations based on New Zealand data in Table V-8, 
Pridmore et al. (1985) found no improvement on the addition of TN to 
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the TP - Chl 1!. relationship (r = 0.85, TN : TP range 10 - 59). A 
reanalysis of White's (1983) data set which had a wider range of 
TN : TP (2- 56), however, showed a significant improvement when TN was 
included in a multiple regression model {change in r2 from 0.792 to 
0.846, F = 65.1, p < 0.001, n = 27). A regression analysis of summer 
data collected from various bays around Lake Mahinerangi (S. F. 
Mitchell, unpublished data) with TN : TP ratios between 3 and 31, 
revealed that the regression of TP and chlorophyll a was significantly 
improved when TN was introduced (change in r2 from 0.336 to 0.548, 
F 9.34, p < 0.005, n = 18): 
Log ( Chl .£) 0.542 Log (TP) + 0.765 Log (TN) - 2.073 
Range of data: 
Chl a (corrected, ug.l-1) 
TP (ug .1- 1) 
TN (ug.r 1) 
TN : TP 
1. 0 12.5 
11.4 84.0 
107 - 453 
3 31 
At TN : TP ratios below 15 a higher proportion of the variance was 
explained by TN alone (n = 12, r = 0.82, p < 0.001): 
Log (Chl .£!.) -2.94 + 1.49 Log (TN) (1) 
This equation is very similar to that based on annual average TN and 
Chl 1!. reported by White (1983) for New Zealand lakes with TN : TP < 17: 
Log (Chl .£) -2.69 + 1.41 Log (TN), r = 0.86 (2) 
With an annual mean TN : TP ratio for 1982 of approximately 9, 
chlorophyll 1!. concentrations in Lake Mahinerangi may, therefore, be 
adequately explained by variations in TN alone. For the annual average 
TN concentration of 202 ug.l-1 at Station 1 during 1981-82, the above 
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TN - Chl ~equations predict average Chl ~concentrations of 3.1 and 
3.6 ug.l-1 respectively. These values are close to the average 
corrected chlorophyll ~ concentration observed during 1981 (Table V-8). 
Thus, not only does White's equation predict annual average Chl ~ 
in Lake Mahinerangi, but it also accurately predicts the regional 
variations that occur in that lake at low TN : TP ratios. 
vfuite (1983) has shown that New Zealand lakes are typically low in 
TN compared to those in the OECD (1982) data set. Furthermore, he 
showed that DIN was low in proportion to TN and suggested that 
dissolved organic N (DON) forms a large proportion of TN in New Zealand 
lakes. White et al. (1985) reported evidence that this DON fraction 
was a largely biologically unreactive component. They determined the 
relationship of TN versus Chl ~ for 48 individual measurements in 
twelve central North Island lakes: 
Log (Chl ~) -3.046 + 1.45 Log (TN), r = 0.82 
which is similar to equations (1) and (2) above. White et al. (1985) 
did not test whether the relationship could be improved by the 
subtraction of the DON fraction from TN. A reanalysis of their North 
Island data, however, revealed only a slight improvement with TN minus 
DON (TN-DON) : 
Log (Chl ~) -1.76 + 1.11 Log (TN-DON), r = 0.83 
The importance of TP, TN and DON to chlorophyll in New Zealand 
lakes remains far from certain. Although average TN concentrations may 
predict chlorophyll ~ concentrations in Lake Mahinerangi in its present 
state, this may be of little practical use to lake management without 
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adequate modeling procedures to predict future TN concentrations. 
Land development and its relationship to nutrient inputs, and 
evidence from changes in oxygen concentration (see Section II.3.4), 
phytoplankton species composition (see Section II.3.10), and 
phytoplankton productivity (see Section II.3.8), all indicate that Lake 
Mahinerangi has undergone considerable eutrophication since 1965. 
Clearly, chlorophyll ~ is an insensitive indicator of these changes in 
the lake. 
V.3.9 Estimation Of Phytoplankton Production From Nutrient 
Concentrations 
Comparisons between phytoplankton productivity and nutrient 
concentrations as extensions to phosphorus loading models, have most 
often been undertaken with productivity expressed as an integral rate 
(Schindler 1978; Schindler et al. 1978; Vollenweider and Kerekes 1980; 
OECD 1982; Zdanowski 1982). The OECD (1982) report presented two 
hyperbolic relationships between TP concentrations and integrated 
productivity (IP, gc.m-2.yr-1) based on annual averages. One equation 
related IP to measured TP concentrations and the other to TP 
concentrations predicted using Vollenweider's (1976) model: 
TP 
IP 512 (3) 
28.1 + TP 
LP/qs(1 +..jTW) 
IP 589 (4) 




Equation (3) consistently overestimated integrated productivity in 
Lake Mahinerangi for those years where complete annual productivity 
data are available (Table V-9) . Equation (4) also overestimated IP in 
1965 but estL~ates for 1969 and 1981 were in good agreement with the 
measured photosynthetic rates. 
Table V-9. Comparison of observed annual integrated productivity in 
Lake ~ahinerangi with those predicted from TP 
concentrations using the OECD (1982) equations above. 
TP concentrations in 1965 and 1969 were predicted from the 
Vollenweider (1976) model. (g C.m-2.yr-1). 
Predicted 
Year Heasured Equation (3) Equation ( 4) 
1965 28.5 83.8 60.6 
1969 76.7 106.8 78.7 
1981 199.2 234.8 195.2 
The shape of the TP - IP curve at low TP concentrations is 
uncertain. The OECD (1982) curves were established with very few 
points (only 4-6) below TP concentrations of 10 ug.l-1. Smith ( 197 9) 
suggested that the curve is sigmoid rather than hyperbolic (but there 
are exceptions, cf. Sagar et al. 1984). A hyperbolic curve would 
tend to predict higher IP values at low TP concentrations compared to a 
sigmoid relationship, which may explain why the OECD (1982) equations 
overestimated 1965 IP levels. Alternatively, IP may not be regulated 
by phosphorus at all, but principally by N, which apparently increased 
more slowly than P. 
;~ 
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Although there appears to be good agreement between observed IP 
for 1969 and 1981 and that predicted by equation (4), the scatter 
around the plots of IP versus TP can be considerable (e.g. OECD 1982, 
pages 61 and 73), which makes the confidence limits extremely wide. 
The nature of the TP - IP relationship imposes a curvilinear form as a 
result of light limitation due to self-shading. With the effects of 
self-shading being highly dependent on the size of the algae present 
(see Section II.4.3), the upper limit for IP is likely to be highly 
variable between lakes. Variations in background attenuation between 
lakes may also cause the shape of the curve to vary between individual 
lakes (Megard et al. 1979). Furthermore, the relationship between IP 
and TP may be highly variable from year to year within the same lake 
(Smith 1979), possibly as a result of year to year changes in species 
composition and background attenuation. From only three years data it 
is difficult to establish the nature of this relationship in Lake 
Mahinerangi. Moreover, the curvilinear form of the TP - IP 
relationship stipulates that this relationship is least sensitive where 
high sensitivity may be desirable - at high TP concentrations. The 
TP - IP relationship may be a less useful trophic index than others 
that are equally sensitive over the whole data range. 
Phytoplankton productivity expressed volumetrically, either as 
light optimal productivity (P-max) or rate per unit volume of the 
euphotic zone, appears to be less sensitive to differences between 
lakes in transparency and phytoplankton community structure than IP 
(Smith 1979) . Smith obtained highly significant linear correlations 
between P-max and TP concentrations when TN 
between P-max and TN when TN : TP was < 13. 
I""' 
TP was > 13 and similarly 
He further incorporated 
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P-max into Dillon and Rigler's (1974) phosphorus loading model as an 
alternative trophic index to chlorophyll. Although showing great 
promise, this approach does not appear to have been further tested and 
applied since Smith's work. 
Smith (1979) based his analysis on growing season averages from 58 
north temperate lakes. Because of variability in annual cycles, the 
use of a growing season average may not be wholly applicable to New 
Zealand lakes (Section V.3.8). Regressions of average P-max in Lake 
Mahinerangi and other New Zealand lakes on TN and TP concentrations are 
shown in Figures V-2 and V-3. Where possible, annual mean data were 
used. Nutrient values for Lakes Coleridge, Lyndon, Selfe and Georgina 
are based on single or occasional nutrient measurements. All 
productivity measurements are based on the 14-C method. Those of 
Burnet were calculated after laboratory incubations at different light 
intensities. The remaining values are derived from 
measurements. When necessary, daily P-max rates were calculated from 
hourly rates assuming an annual average 12 hour daylength. 
Unlike Smith's data, the New Zealand data had to be 
log-transformed to reduce variance heterogeneity. In Figure V-2 the 
points for Lake Mahinerangi in 1965 and 1969 are based on annual mean 
TP concentrations estimated from the Vollenweider (1976) model and were 
not included in the regression analysis. 
Because few data were available, no attempt was made to separate 
the lakes on the basis of TN : TP ratios. Nevertheless, the 
regressions of P-max on TP and TN were highly significant (TP, 
F = 66.14, p < 0.001; TN, F 36.01, p < 0.001). The TP regression 
model explained 83% of the variance in P-max and the TN model explained 
Figure V-2: Correlation between average light-optimal 
photosynthesis and average total phosphorus 
concentration in New Zealand lakes. Dashed lines 
represent the 95% prediction interval for an 
individual value (after Zar 1984) . 
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Figure V-3: Correlation between average light-optimal 
photosynthesis and average total nitrogen 
concentration in New Zealand lakes. Dashed lines 
represent the 95% prediction interval for an 
individual value (after Zar 1984) . 
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75%. A multiple regression model including both TN and TP increased 
the variance in P-max explained to 90% 
Log (P-max) 1.25 Log (TP) + 0.71 Log (TN) - 0.85 
However, the colinearity between TN and TP values was high (n = 14, 
r = 0.82). Partial correlation procedures revealed a significant 
relationship only to TP (TP, rep = 0.77, t = 4.16, p < 0.01; TN, 
rep = 0.48, t = 1.88, p > 0.05). 
For Lake Mahinerangi, both the 1981 data and the earlier values, 
based on individual estimates of TP concentrations fit the general 
relationship for New Zealand lakes well. This may allow future 
estimates of P-max to be made. For lakes exhibiting little change in 
trophic status, however, there may be considerable variation about the 
P-max- TN or TP relationships between years. This is clearly shown by 
the Lake Rotorua data from this analysis (Figs. V-2 and V-3) and in 
Lake Vombsjon in Smith's (1979) data set. 
The data presented here suggest that the relationships between 
nitrogen and phosphorus concentrations and P-max may be useful as 
trophic indicators for New Zealand lakes. The regressions described 
here, although based on data obtained using different methodologies for 
P-max determination and on some lakes for which nutrient data are 
sparse, explain a greater proportion of variance than previously 
reported nutrient-chlorophyll relationships for New Zealand lakes 
(White 1983; Pridmore et al. 1985; White et ~- 1985) as well as 
those calculated for Lake Mahinerangi above (Section V.3.8). Given 
additional data, even stronger relationships may be obtained through 
separation of the data on the basis of the TN : TP ratio, as was done 
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for the north temperate lakes by Smith (1979) . 
V.3.10 Prediction Of Zooplankton Biomass 
McCauley and Kalff (1981) found that there was a close 
relationship .between average crustacean zooplankton biomass (Zb, ug 
fresh weight. 1-1) and average phytoplankton biomass (Pb, ug 
fresh weight. 1-1) in 17 north temperate lakes: 
Log (Zb) 0.719 Log (Pb) + 1.015, r = 0.86 
Average phytoplankton biomass in Lake Mahinerangi was estimated as 
1000 ug.l for the period May 1981 May 1982 from cell volume 
measurements and an assumed density of 1. Zooplankton abundances over 
the same period were converted to dry weight using the species weights 
reported by Burns and Mitchell (1980). Dry weights were subsequently 
converted to sample fresh weight assuming a dry weight : fresh weight 
ratio of 0.12 (McCauley and Kalff 1981). Annual average crustacean 
zooplankton biomass in this lake during 1981-82 was 42.0 ug.l-1 
dry weight or 311 ug.l-1 fresh weight. 
McCauley and Kalff's equation predicted an average zooplankton 
fresh weight in Lake Mahinerangi of approximately 1500 ug.l-1 , larger 
than the observed biomass by a factor of about five. The equation also 
overestimated zooplankton biomass in all other New Zealand lakes for 
which data were available with most observed values being outside the 
the 95% confidence interval for the equation (Fig. V-4). 
Figure V-4: Relationship between annual mean phytoplankton 
biomass (Pb, ug.l-1) and zooplankton biomass (Zb, 
ug(fresh weight) .l-1) in several New Zealand (NZ) 
lakes. Also presented are the regression derived 
for north temperate (Nt) lakes by McCauley and 
Kalff (1981) and its 95% confidence limits 
(------) . 
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The regression calculated for the New Zealand lakes was: 
Log (Zb) 0.386 Log (Pb) + 1.257 (5) 
This regression was approaching significance at the 95% confidence 
level (n = 7, r = 0.69). Although the slope of the Pb - Zb regression 
for New Zealand lakes is lower than that for McCauley and Kalff's 
regression (Fig. V-4), the relationship is perhaps poorly defined with 
the few data available. 
Using data from 47 north temperate and 2 African lakes, Hanson and 
Peters (1984) found a similarly strong relationship between average 
zooplankton biomass (ug. dry weight.l-1) and total phosphorus 
concentration (ug.l- 1): 
Log (Zb) 0.907 Log (TP) + 0.756, r 0.85 
This relationship was much stronger than that between 
phytoplankton biomass expressed as chlorophyll ~, and zooplankton 
dry weight for .the same lakes. Their equation is tested against annual 
average Zb and TP values in Lake Mahinerangi and other New Zealand 
lakes in Figure V-5. The regression predicted an average zooplankton 
dry weight in Lake Mahinerangi of approximately 100 ug.l- 1, more than 
double that found in the lake. The model similarly overestimated 
zooplankton in all the other New Zealand lakes. 
The regression for the New Zealand lakes was: 
Log (Zb) 1.00 Log (TP) - 0.129, r 0.84 (6) 
It was significant at the 99% significance level. Both this and Hanson 
and Peters's (1984) relationship have similar slopes (Fig. V-5). 
Figure V-5: Relationship between annual mean total phosphorus 
concentration (TP, ug.l-1) and zooplankton biomass 
(Zb, ug(dry weight) .1-1) in several New Zealand 
lakes (NZ) . Also presented are the regression 
derived for north temperate (Nt) lakes by Hanson 
and Peters (1984) and its 95% confidence limits 
(------) . 
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For New Zealand lakes an even stronger relationship than any 
reported above was found between Zb and Chl ~: 
Log (Zb) 1.05 Log (Chl ~) + 0.64, r 0.90 
significant at the 99.9% significance level (Fig. V-6) . For their 
data, Hanson and Peters (1984) reported a relationship: 
Log (Zb) 0.529 Log (Chl ~) + 1.44, n 49, r 0.75 
The higher slope for the New Zealand lake relationship suggests that 
zooplankton biomass in New Zealand lakes is much more sensitive to 
changes in chlorophyll~ concentrations than in north temperate ~akes. 
The slopes of the TP - Zb and Chl ~ - Zb relationships from the New 
Zealand data are both close to unity, and suggest that for the 
log-transformed values over the range studied, zooplankton biomass 
varies in direct proportion to TP and Chl ~ concentrations. The two 
relationships appear equally as sensitive to predict zooplankton 
biomass. 
Thus zooplankton biomass in New Zealand lakes is much lower for a 
given phytoplankton biomass or TP concentration than in north temperate 
lakes. Pridmore et al. (1985) found that the TP - Chl ~ relationship 
for their New Zealand lakes was not significantly different from two 
other north temperate models. This suggests that the TP - Zb 
relationship is low in New Zealand lakes, not because of a low 
phytoplankton response to TP concentrations, but a result of a low 
zooplankton yield for a given phytoplankton biomass. 
Figure V-6: Relationship between annual mean chlorophyll 
concentration (Chl ~, mg.m-3) and zooplankton 
biomass (Zb, ug(dry weight) .l-1) in several New 
Zealand lakes (NZ) . Also presented is the 
regression derived for north temperate (Nt) lakes 
by Hanson and Peters (1984) . 
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New Zealand lakes contain simply structured zooplankton 
communities with only-a limited number of crustacean species (Chapman 
et al. 1975, 1985). Evidence from detailed studies of zooplankton 
dynamics suggests that populations in New Zealand waters are food 
limited rather than limited by predation (Green 1976a; Burns 1979a; 
Chapman et al. 1985). Because the winters are mild, there is a lack 
of seasonality in zooplankton cycles in New Zealand lakes compared with 
those in the northern Hemisphere. This is particularly so for North 
Island New Zealand lakes (Chapman et al. 1975; 1985). Species are 
capable of breeding throughout the year so that most of the available 
food production is utilized (Chapman et al. 1985) . Zooplankton 
communities in this country also lack the major predators present in 
north temperate lakes. There are no large invertebrate predators such 
as Chaoborus and Mysis or carnivorous cladocerans, nor are there any 
wholly planktonic feeding fish species (Chapman et al. 1975) . The 
lower slope of Hanson and Peters's -Chl ~- Zb curve suggests that 
predation limits north temperate communities to a much greater extent 
than occurs in New Zealand lakes. As a consequence of the lack of 
predation and severe climatic restraints, productivity : biomass ratios 
are generally low; New Zealand crustacean zooplankton appear to be less 
efficient and less productive than Northern Hemisphere communities 
(Chapman et al. 1975). 
New Zealand zooplankton communities may be further limited by a 
lack of detrital food sources. The paucity of deciduous riparian trees 
in New Zealand provides streams and lakes with smaller allochthonous 
inputs than in north temperate latitudes (Winterbourn et al. 1981). 
Although there is little known on the importance of detritus as food to 
zooplankton in New Zealand lakes, the lower intercepts for the TP - Zb 
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and Chl ~ - Zb relationships for New Zealand lakes are not inconsistent 
with this hypothesis. 
It has previously been suggested that zooplankton biomass may be a 
useful index of the trophic state of lakes in New Zealand (Stout 1970; 
Burns 1979b) . In addition, if it is true that New Zealand zooplankton 
communities are food limited and lack strong predation pressure, better 
predictions of Zb from trophic state indices should be obtained for New 
Zealand lakes than for lakes elsewhere. The relationships presented 
here, in particular the Chl ~- Zb regression (r = 0.90), indicate that 
Zb in lakes in this country may not only be used as an index of trophic 
state, but may be usefully predicted from other lake variables. 
V.3.11 The Future Trophic Status Of Lake Mahinerangi. 
A. Estimated future N and P loads 
Total phosphorus loads to the lake may be expected to increase by 
approximately 50% of present levels when projected land development is 
completed (Table V-10, without diversion) . Total nitrogen loads are 
likely to increase by approximately 20%. Ploughed areas around the 
lake margin will be the largest source of TP and TN inputs contributing 
about 60% and 45% of the respective totals. If reduction of nutrient 
inputs to the lake is warranted in the future, control measures could 
well be targeted on these areas. 
The diversion of Deep Stream water into Lake Mahinerangi will 
increase TP and TN loads by only 3 and 6 percent while representing an 
increase in water load of 20%. The nitrogen to phosphorus ratio in the 
inputs will continue the trend of decreasing ratios evident in Table 
Page 237 
V-5 and the Deep Stream diversion will have little impact on it. 
Table V-10: Estimated future loads of nitrogen and phosphorus to Lake 
Mahinerangi calculated for an "average" hydrological_year 
with the presence and absence of the diversion inflow 
(mg .m-2.yr-1) . 
DRP TP NH4-N N03-N TN TN:TP 
Observed (1981-82) 170 630 230 100 3460 5.5 
Without diversion 170 900 250 130 4170 4.6 
With diversion 185 930 260 130 4430 4.8 
B. Predicted future total phosphorus concentrations 
Based on projected loads and average hydrology, Vollenweider's 
(1976) model predicts an in-lake average TP concentration of 
34.3 ± 13.3 ug.l-1 without the diversion inflow. The diversion will 
reduce average TP concentrations only slightly. The model indicates 
that diversion of Deep Stream water into the lake will reduce TP 
· · 1 1 1-1 concentrat~on to approx~mate y 31.0 + 12. ug. . 
The effects of possible hydrological variations on future TP 




where TPi represents the average inflow TP concentration and is 
equal to LP divided by qs. For a lake with a predominantly 
agricultural catchment such as Lake Mahinerangi, any increase in yearly 
rainfall (and hence qs) can be generally expected to lead to an 
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increase in nut~ient loading. If it can be assumed that LP/qs (and 
hence the mean inflow concentration) is approximately similar for a 
given land development irrespective of the volume of hydrological 
inputs, then variations in the TP concentration will be affected only 
by variations in Tw. Variations in retention time will be brought 
about by changes in surface inflows and lake volmne. Assuming no 
change in lake volume, and surface inflows ranging from 
150 x 106 m3.yr-1 to 250 x 106 m3 .yr-1 (similar to surface inflows in 
1975 and 1977 respectively, in Appendix V-D) 1 the residence time in 
Lake Mahinerangi for an annual period with the Deep Stream diversion, 
will vary between approximately 0.6 and 1.1 yr-1. During a year with 
high inflows it could be expected that lake volume will increase and, 
therefore, increase Tw. In a low inflow year, lake volume may decrease 
and thus decrease retention time. In practice, volume changes will 
largely depend on when rainfall occurs relative to the winter draw-down 
of the lake for electricity generation (Appendix V-D) . Nevertheless, 
the Tw values reported above may represent values near expected 
extremes for most years for this lake. 
For an annual period with the Deep Stream diversion and with the 
predicted average inflow TP concentration of 58.8 ug.l- 1, fluctuations 
in Tw between 0.6 and 1.1 yr-1 can be expected to cause average TP 
doncentrations to vary between about 33.1 and 28.7 ug.l-1 or 
approximately 14% of the average. 
Like TP, TN concentrations in the lake can also be expected to 
increase as a result of increased TN loads (Table V-10). The decrease 
in TN : TP ratio in the inputs with agricultural development, however, 
suggests that the relative rate of increase in TN concentrations will 
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be lor,.rer than that of TP. 
C. Predicted future DRP concentrations 
Vollenweider's (1976) model was found to estimate DRP 
concentrations accurately in Lake Mahinerangi (Fig. V-1) . The 
predicted DRP concentration from this model after the diversion of Deep 
Stream and completion of land development, was 6.3 ug.l-1 under 
"average" hydrological conditions (Appendix V-F) . This represents an 
increase in concentration of only 0.5 ug.l-1 over 1981 DRP levels. 
Fluctuations in Tw between years may lead to average DRP concentrations 
ranging from 5.7 to 6.8 ug.l-1. 
D. Predicted future trophic condition 
Although TN may be a better predictor of future trophic conditions 
in Lake Mahinerangi, no model could be used to estimate TN 
concentrations accurately. Future trophic conditions were estimated 
from the predicted TP concentration. Estimates of future chlorophyll 
concentrations could not be made. Estimates of daily optimal primary 
production were made from the predicted post-diversion TP concentration 
using the relationship calculated from data on New Zealand lakes (Fig. 
V-2): 
Log (P-max) 1.535 Log (TP) + 0.413 (7) 
For the estimated average TP concentration of 31 ug.l-1 , equation 
(7) estimates an annual average P-max in Lake Mahinerangi of 504 
C -2 d -1 mg .m . ay . This represents a 36% increase over 1981-82 levels. 






production are considered to be highly eutrophic (Fig. V-2). 
model error surrounding the relationship in equation (7) is 0.080. The 
95% confidence limits for this estimate are approximately 504 ± 205 
-2 d -1 mg C .m . ay . 
There is evidence that a prediction of P-max made from an estimate. 
of TP in Lake Mahinerangi is a reasonable approach: First, there are 
bioassay experiments which suggest at least incipient P-limitation 
(Chapter III) . Secondly, the TP - P-max relationship in Lake 
Mahinerangi, based on present TP measurements and estimated past 
concentrations using Vollenweider's (1976) model, appears to fit the 
relationship derived for New Zealand lakes well (Fig. V-2). In 
addition, with the data available at present, phosphorus appears to be 
the best predictor of P-max in New Zealand lakes. 
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GENERAL DISCUSSION AND CONCLUSIONS 
Lake Mahinerangi has undergone considerable eutrophication since 
land development began in the catchment in 1965. The most sensitive 
index of trophic change was phytoplankton productivity of which light 
saturated rates have increased approximately eight-fold over initial 
pre-development levels. Changes consistent with eutrophication have 
also occurred in phytoplankton species composition, 
concentrations, DRP levels, and winter zooplankton abundance. 
oxygen 
TN and 
TP concentrations, and maximum phytoplankton volume, for which 
long-term data do not exist, support the mesotrophic classification of 
the lake based on present productivity levels. 
The lack of a significant change in chlorophyll ~ concentrations 
was striking when compared to the highly significant increase in P-max 
rates. Average Secchi disc transparency, although lowest during the 
present study, displayed no significant trend toward decreasing 
transparency over the 18 years. The lack of change in these two 
commonly used trophic measures, illustrates the "non-visual" aspect of 
the deterioration that has occurred in the lake. Furthermore, it 
suggests that chlorophyll ~ and Secchi disc transparency are too 
insensitive to detect the subtle changes in the water quality that have 
occurred in Lake Mahinerangi. This lack of sensitivity is perhaps also 
relevant to studies in other New Zealand lakes, where consideration 
should be given to measures that, with routine application, will be 
sensitive enough to detect the slow rate of deterioration expected in 
many lakes in this country (White 1982; Vincent et al. 1984a). 
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A variety of experimental bioassays, conducted both in the 
laboratory and in situ, revealed that nitrogen was most often the 
primary limiting nutrient to phytoplankton during 1981-82- although 
phosphorus was most limiting during the summer months. However, 
limitation by both nutrients appeared closely balanced as suggested by 
greater photosynthetic responses in the presence of both nutrients. 
Average N and P concentrations in the major tributaries to Lake 
Mahinerangi, showed highly significant correlations to the percentage 
of agricultural development in the catchments. Although Northwest 
Creek, draining a fully agriculturally developed catchment, exported 
the largest amounts of most N and P forms, only TP and N03-N were 
significantly correlated to percentage development. Differences in 
water yield, as a result of differences in topography and uneven 
rainfall distribution, appeared to be an important factor in 
determining export rates from the catchments. 
Fertilizer application rates were also significantly correlated to 
agricultural development in the catchments. Although proportions of 
applied P-fertilizer leaving the catchments were very low, the 
cumulative effect on Lake Mahinerangi, of some 15,000 tonnes applied to 
developed areas since 1965, is evident. 
N and P exports from two small marginal agricultural catchments 
were markedly higher than those from the major tributaries. It was 
concluded that when development is completed, ploughed marginal areas 
will contribute the largest amounts of TP and TN. Efforts to reduce 
inputs to lake in future could perhaps be focussed on these sources. 
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Large N and P exports, in particular N03-N, occurred from two 
clearfelled forest catchments when compared to a forested catchment. 
The contribution of clearfelled regions to total N and P loads in the 
lake, however, is low and likely to remain so. 
A comparison with other New Zealand catchments of similar land 
uses revealed that export rates of N and P, in particular DIN and DRP, 
from the catchments surrounding Lake Mahinerangi were low. Rates of 
nutrient loss from New Zealand catchments as a whole did not appear to 
be solely related to land use. Catchment geology also appeared to be 
an important factor. However, wide variation between catchments of 
similar land use and geology suggested that further factors, for 
example water yield, may also be important in determining export rates. 
Further efforts aimed at improving the estimation of nutrient loads to 
New Zealand lakes could perhaps be focussed on the quantification of 
the importance of these factors to export rates. 
Based on historical land development data, estimated loads, both 
past and present, were calculated from the regressions between 
agricultural development and average nutrient concentrations in the 
major tributaries, from land-use export rates in the marginal areas and 
from atmospheric sources. These loads illustrated that a marked 
decrease in TN TP ratios in the loads has occurred since 1965, 
presumably as a result of superphosphate fertilizer application. 
Primary N limitation in Lake Mahinerangi may, therefore, be a recent 
phenomenon. It is also possible that the N limitation observed in many 
New Zealand lakes may be a direct result of the widespread and heavy 
application of P-fertilizer to agricultural areas in this country. The 
relationship between these two factors perhaps warrants further 
investigation. 
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A variety of empirical nutrient loading models, developed 
primarily from data on north temperate lakes were te~ted on the Lake 
Mahinerangi data. The absence of any significant thermal 
stratification in Lake Mahinerangi satisfied a major assumption of 
these models; that of complete mixing. Seven out of eight phosphorus 
retention equations predicted retention coefficients in good agreement 
with the measured Rp value of 0.50. Similarly, the nine steady-state 
P-leading models gave predictions within 6 ug.l-1 of the measured 
average TP concentration. The P-leading models were further tested to 
predict DRP concentrations for which 7 years observational data were 
available. The models derived from Vollenweider's (1976) model 
provided the best fits between observed and predicted values. 
Results of this study have also highlighted differences between 
New Zealand lakes and those in similar latitudes in the northern 
Hemisphere; the demonstrated importance of N in limiting phytoplankton 
growth in many New Zealand lakes (This study, White and Payne 1977, 
1978; Vincent 1981a; White et al. 1985), suggests that models which 
predict N concentrations would be of significant advantage for lake 
management in this country. However, differences in TN concentrations 
between lakes in New Zealand and those elsewhere (White 1983) indica~e 
that overseas models for the prediction of TN concentrations may not be 
applicable to New Zealand lakes as was the case for Lake Mahinerangi. 
Models aimed at predicting trophic responses from in-lake N and P 
concentrations were also investigated for Lake Mahinerangi and for New 
Zealand lakes in general. The estimation of chlorophyll 
concentrations in Lake Mahinerangi by published TP - Chl £ models was 
made difficult by two problems: First, the apparent lack of any 
significant change in this index in the lake, and secondly, the large 
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contribution of chlorophyll degradation products to total pigment 
concentrations in this lake. This latter problem demonstrates the need 
for a standardized method of chlorophyll ~ estimation for lakes in New 
Zealand and worldwide. 
At TN : TP ratios of less than 15, N appeared to be useful to 
predict corrected chlorophyll ~ levels in Lake Mahinerangi for both 
regional and annual average data. 
Since statistical data are the foundation of the empirical system 
for forecasting lake trophic status, then those models which correlate 
most closely offer the most "confident" predictions. It is therefore 
surprising that Smith's (1979) work on the nutrient dependence of light 
optimal photosynthetic rates has not been followed up or tested for 
lakes outside the north temperate zone. The relationships presented in 
this study between TN, TP and P-max rates in New Zealand lakes, 
although based on data of varying reliability, suggest that P-max may 
be a potentially more useful index of trophic status than 
nutrient-chlorophyll relationships. 
Models which predict zooplankton biomass from other lake variables 
in north temperate lakes markedly overestimated average zooplankton 
biomass in Lake Mahinerangi and in other New Zealand lakes. Low 
zooplankton biomass in New Zealand lakes might be the result of 
fundamental differences in temperature cycles, predation, and/or 
detrital inputs between lakes in this country and those in the northern 
Hemisphere. This result highlights the need for adequate testing of 
"general" models, developed from data on overseas lakes, before they 
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Appendix II-A. Activity (counts per second, CPS) of the 1981 
radioactive 14C from seven ampoules standardised against 
activity in the 1978 14C batch. 
1978 1980 
Ampoule Subsample CPS Ampoule Subsample CPS 
1 1 24108 1 1 27669 
2 24845 2 27961 
3 24281 3 27841 
2 1 23539 2 1 16801 
2 23870 2 20823 
3 23799 3 20751 
3 1 25365 3 1 27882 
2 25250 2 27896 
3 25493 3 28193 
4 1 24065 4 1 29069 
2 24259 2 28276 
3 24360 3 28687 
5 1 23712 5 1 27671 
2 23078 2 27561 
3 24309 3 27334 
6 1 24272 6 1 30108 
2 24885 2 29446 
3 25080 3 29180 
7 1 24418 7 1 27346 
2 24678 2 27676 
3 24754 3 27222 
Mean: 24401.0 Mean: 26923.5 
S.e.: 136.4 S.e.: 718.5 
Correction Factor for varying batch strength 
1978 CPS 24401.0 
= -------- = ------- = 0.906 
1981 CPS 26923.5 
1980 14C added per productivity bottle 
= 1978 correction X strength correction 
= 0.070 X 0.906 = 0.063 
,. 
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Appendix II-B. Comparison of Pyrex and Kimax bottle brands used for 
incubating phytoplankton productivity samples. 
Productivity (mgC.m-3.h-1) in duplicate samples 
determined at Station 1, Lake Mahinerangi, on 10.12.80. 
Pyrex Kimax 
Depth 
(m) 1 2 1 2 
o.o 14.63 15.79 10.42 
0.5 25.17 27.89 25.96 
1.0 22.91 22.86 24.37 24.12 
2.0 13.18 14.73 15.31 15.21 
3.0 5.66 6.32 6. 73 6.60 
4.0 2.03 3.02 2.37 3.06 
6.0 0.50 0.16 0.45 0.25 
Appendix II-C. Comparison of method of suspension (Clip system versus 
Perspex holders) used for incubating phytoplankton 
productivity samples. Productivity (mgC.m-3.h-1) in 
duplicate samples at Station 1, Lake Mahinerangi, on 
18.11.81. 
Depth Clip System Perspex System 
(m) 1 2 1 2 
0.0 4.59 11.68 7. 16 7.56 
0.5 23.12 22.57 22.16 22.27 
1 • 0 22.21 22.61 23.95 22.91 
2.0 17.14 14.58 18.59 18.73 
3.0 8.23 8.06 9.08 9. 16 
4.0 3.12 3.01 4.38 3.55 
6.0 0.96 1.35 0.63 0.93 
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Appendix II-D. Comparison of activity on 20 productivity filters from 
two occasions counted first by G.M. tube (G.M.) 
followed by Liquid Scintillation (L.Sci.). (Counts per 
second, CPM). 
Date Sample No. G.M. L.Sci Ratio 
(CPM) (CPM) G.M. : L.Sci 
4-3-81 12 44.23 348.09 0.1271 
27 20.11 170.92 0.1177 
22 2.93 27.58 0.1062 
18 83.17 637.00 0.1305 
10 55.58 485.07 0.1146 
2 24.08 202.39 0.1190 
42 108.58 778.44 0.1395 
c 0.88 6.33 0.1390 
26 87.49 276.47 o. 1293 
14 23.55 215.08 0.1095 
18-3-81 13 19.02 159.84 0.1190 
16 67.19 488.20 0.1376 
3 2.63 20.38 0.1290 
28 11.32 111.44 0.1016 
35 38.24 306.92 0.1246 
24 62.94 491.61 0.1280 
c 1.08 6.94 o. 1556 
2 45.28 341.61 0.1325 
13 53.58 420.12 0. 1275 





Appendix II-E. Time of Sunrise and Sunset and daylength (hours), 
January to December, at Dunedin. Data from N.Z. 
Meteoroiogical Service, Ministry of Transport. 
Date Sunrise Sunset Day length 
Jan 7 0457 2032 15.58 
14 0506 2028 15.37 
21 0516 2024 15.13 
28 0526 2017 14.85 
Feb 7 0541 2004 14.38 
14 0552 1954 14.03 
21 0602 1943 13.70 
28 0613 1930 13.28 
Mar 7 0662 1918 12.93 
14 0633 1904 12.50 
21 0642 1850 12.13 
28 0651 1837 11.75 
Apr 7 0707 1818 11.25 
14 0713 1805 10.87 
21 0722 1753 10.50 
28 0731 1742 10.20 
May 7 0742 1729 9.78 
14 0751 1719 9.50 
21 0759 1712 9.22 
28 0806 1706 9.00 
Jun 7 0814 ·1701 8.80 
14 0819 1700 8.70 
21 0821 1700 8.65 
28 0822 1702 8.65 
Jul 7 0820 1708 8.80 
14 0816 1713 8.95 
21 0811 1720 g. 15 
28 0804 1727 9.40 
Aug 7 0751 1739 9.80 
14 0741 1747 10.10 
21 0730 1756 10.25 
28 0717 1805 10.80 
Sep 7 0659 1816 11.30 
14 0645 1825 11.65 
21 0632 1834 12.05 
28 0618 1842 12.40 
Oct 7 0600 1855 12.90 
14 0548 1904 13.25 
21 0535 1914 13.65 
28 0523 1924 14.00 
Nov 7 0509 1938 14.50 
14 0459 1948 14.80 
21 0452 1958 15. 10 
28 0447 2007 15.35 
Dec 7 0442 2018 15.60 
14 0442 2025 15.70 
21 0444 2028 15.75 
28 0448 2032 15.75 
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Appendix II-F. Diurnal variations in phytoplankton productivity 
(mgC.m-3.h-1) at Station 1. Averaged daily 
productivity compared to standard midday four hour 
incubation. 
13.1.81 (Sunrise 0505, Sunset 2026) 
Incubation Midday 
Depth A B c D Average Incubation 
(m) 0505-0854 0855-1246 1246-1633 1634-2026 A - D 1028-1433 
0 13.99 20.51 8.77 11.78 13.76 14.07 
-
0.5 9.34 24.47 23.69 14.76 18.07 24.08 
1 5.54 23.58 19.21 10.03 14.59 20.83 
2 2.01 9.66 17.10 4.09 8.22 11.66 
3 0.66 3.36 4.26 1.00 2.32 4.77 
4 0.19 1.34 1. 86 0.57 0.99 1.65 
6 0.13 0.26 0.57 0.14 0.28 0.58 
Integrated Production (mgC.m-2.h-1): 35.72 50.67 
Daylength Correction factor: 0.70 
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Appendix II-F continued ••• 
30.6.81 (Sunrise 0822, Sunset 1702) 
Incubation Midday 
Depth A B Average Incubation 
(m) 0820-1245 1250-1700 A and B 1055-1500 
0 31.49 28.51 30.00 31.54 
0.5 29.16 24.52 26.84 39.91 
18.17 27.48 22.83 31.30 
2 13.34 13.41 13.38 19.23 
3 5.93 4.78 5.36 7.36 
4 1.40 0.60 1.00 2.21 
6 0.05 o.oo 0.03 0.25 
Integrated production (mgC.m-~h-1): 58.31 81.47 
Daylength correction factor: 0.71 
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Appendix II-G. Calculated volumes of the most common algal genera in 
Lake Mahinerangi, March 1981 - May 1982. 












Staurodesmus 2 Spheroids 
Tabellaria Cuboid 
Westella Sphere 
* per colony 
Range 
(um3 per cell) 
Mean volume 
(um3 per cell) 
50 
1758 - 8334 4285 
500 
144 - 276 192 
15 
5166 - 9243 6450 





781 - 1737 1172 
60 
-,'· \: 7 
Appendix II-H. Water temperatures (°C) at Station 11 Lake Mahinerangi 1 1980- 1982. 
DEPTH (m) 
Date Air 0 0.5 1 1.5 2 3 4 5 6 7 8 10 11 12 "13 14 ·· .. 15 16 
30.10.80 - 10.2 9.9 9.7 9.2 9.1 9.1 9.0 9. 1 9.1 9.1 
12.11.80 - 10.8 10.5 10.3 10.0 9.9 9.9 9.8 9.8 9.8 9.7 9.7 
26.11.80 8.0 10.2 10.2 10.2 10.8 10.9 10.9 10.9 10.5 
10.12.80 11.4 12.6 12.4 12.0 
24.12.80 19.7 15 ,lj 15.3 15.1 14.9 14.7 1 lj, 8 14.8 14.8 14.7 14.7 14.75 12.7 12.3 12.0 
13.01.81 - 14.0 14.0 14.0 14.1 14. 1 1 4. 1 111.0 111.0 14.0 
23.01.81 18.1 1 lj, 7 14.7 14.7 14.5 14.3 13.8 13.7 13.6 
13.02.81 16.7 14.0 14.0 13.8 13.5 13.4 13.3 13.3 13.3 13.2 
4.03.81 12.9 15.2 15.2 15.2 15.1 15.0 15.0 15.0 14.9 11L8 
18.03.81 13.1 14.3 14.4 14.4 1 lj, 3 1 lj. 3 14.3 111.3 1 II, 2 14.2 
1.04.81 13.7 13.6 13.7 13.7 13.8 13.9 13.9 13.9 13.9 13.75 
15.04.81 16.8 12.3 12.2 12.1 11.95 11.9 11.9 11.95 11.95 1 1. 95 
29.04.81 10.9 10.7 10.7 1 o. 7 10.7 10.7 10.7 10.7 10.5 1 o. 3 1 o. 1 
2'(.05.81 - 8.0 8.0 8.0 8.0 8.0 8.0 7.8 7.2 7.0 
10.06.81 2.5 6.3 6 ,II 6.4 6.4 6,11 6.4 6.3 6.0 
30.06.81 5.8 5.4 5.4 5.4 5.4 5.11 5.4 5.4 5.4 
22.07.81 3.8 4.0 
3.08.81 IL2 4.0 
3.09.81 4.8 lj, 8 4.8 4.8 4.8 11.8 lj, 8 
23.09.81 5.9 5.9 5.9 5.7 5.6 
7.10.81 8.4 8.4 8.4 8.4 8.4 8.11 8 ,II 
4.11.81 17.9 10.6 10.5 10.5 10.6 10. lj 10.3 
18.11.81 11.5 11.5 11.5 11.5 11.5 11 ,II 11.3 
3.12.81 13.5 13.2 13.0 12.6 12.4 
16.12.81 14.2 14.2 14.2 14.1 14. 1 14. 1 14.1 14.0 
14.01.82 13.6 16.1 16.1 16. 1 16.0 16.0 16.0 15.9 15.8 
26.01.82 14.5 14.5 14.5 14.5 14.5 14.5 14.4 14.3 
9.02.82 15.2 15.1 15. 1 15. 1 15. 1 15.1 15.1 
25.02.82 17.1 16.7 16.11 16.2 
9.03.82 17.1 17. 1 17. 1 17. 1 17.1 17 .o 15.5 15.4 15.3 1-cJ 
25.03.82 24.0 15.0 14.6 14.6 14.5 14.5 14.5 14.4 14.3 14. 1 P! cQ 
19.04.82 10.2 12.2 12.2 12.2 12.2 12.2 12. 1 11.6 11 .6 11 ,II (!) 
10.05.82 10.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.7 N 
00 
f-' 
Appendix II-I. Underwater light penetration of PAR (uEin.m-2.s-1) and Secchi disc depth (S.D., m) at Station 1, 
Lake Mahinerangi, 1980 - 1982. 
DEPTH (m) 
Date Air o.o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 
30.10.80 2200 1400 600 470 250 175 83 42.0 111,8 9.9 3.7 
12. 11.80 350 200 110 59 20.2 7.7 3.5 1.5 0.7 
26.11.80 2300 1400 1150 1150 130 90 57 48 45.0 38.0 111,0 13.0 12.0 4.0 1.9 
10.12.80 280 170 73 29 2.8 1. 3 
24.12.80 
13.01.81 725 430 250 145 79 46 29 18 11 .4 7 ,II 4. 7 ) 2.9 1.9 1.2 
23.01.81 450 235 190 113 61 38 23 15 9.5 6.3 4.3 2.9 1.9 1.2 
13.02.81 1900 1150 850 550 300 175 120 70 45.0 31.0 20.0 12.5 7.8 5.9 3.8 2.5 
4.03.81 560 280 185 100 61 39 22.3 12.5 7.8 3.7 1 • 1 
18.03.81 1950 1000 700 430 270 160 100 70 50.0 36.0 23,0 16.0 12.0 7.0 5.5 4.2 
1.04.81 310 170 100 56 39 28 19 111 8.7 7-3 5.6 4.0 2.9 2. 1 
15.04.81 1450 720 550 300 180 110 65 44 29.0 17.5 12.0 7.0 5.0 3.4 2.4 1.6 
29.04.81 210 105 69 46 27 19 12.6 8.6 6.1 4.2 2.9 2.1 1.4 1. 0 0.7 0.5 
27.05.81 600 390 270 155 94 60 38 25 16.0 10.0 7.0 11,5 3.2 2.0 1.5 1.0 
10.06.81 
30.06.81 
22.07.81 700 530 320 160 85 117 26 16.0 9.7 5.5 3.5 2.2 1.3 0.9 0.5 
3.08.81 320 170 110 58 33 19 11 6.5 4.0 2.5 1.5 1 .o 0.6 0.4 
3.09.81 390 210 120 60 37 21 13 8 5. 1 3.2 2.2 1 ,II 0.9 0.6 0,11 0.3 
23.09.81 770 450 260 140 70 311 17 5 0.6 
7.10.81 1900 1100 640 350 220 150 64 38 22.0 13.0 7.5 4.2 2.4 1.4 0.9 0.7 
4.11.81 500 370 190 100 52 26.5 15.5 9. 1 5.7 2.1 1.2 0.8 
18.11.81 1400 700 450 240 115 68 44 28 20.0 12.0 6.5 3.5 2.4 1,6 
3.12.81 540 350 230 120 62 42 211 15 9.0 6,0 3.2 2.1 1.3 0.7 0.5 0.3 
16.12.81 1000 730 41.!0 250 1110 74 46 26 16.0 10.0 6.1 3.6 2.2 1.4 0.9 
14.01.82 1500 1050 670 360 220 115 67 37 24.0 16.0 7.6 6.2 3.9 1.8 1 • 1 0.7 
26.01. 82 
9.02.82 2500 1400 900 550 280 170 100 56 33.0 16.0 12.0 7.5 11,0 2.3 1.5 1.0 
25.02.82 1300 800 570 290 190 105 62 114 29.0 19.0 12.0 9.5 6.9 3.5 2.4 1 .6 
9.03.82 1750 1000 750 410 220 140 80 40 15.0 9.0 
25.03.82 1400 900 600 350 200 120 76 118 31.0 20.0 12.7 8.0 5.4 3.5 2.11 1 .6 
19.04.82 310 250 170 100 511 37 26 19 13.0 9.6 7. 1 5.4 3.9 2.9 2,2 1.6 





































Appendix II-J. Oxygen concentrations (mg.l-1) at Station 1, Lake Mahinerangi, 1980 - 1982. 
DEPTH (m) 
Date 0 0.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
30.10.80 12.5 12.4 12.1 12. 1 11.8 11.8 
12. 11 • 80 12.1 11.7 
26.11.80 
10.12.80 
24.12.80 10.4 10.2 10.2 10.2 10.2 10. 1 10. 1 10.0 10.0 10.0 10.0 9.2 9.1 9.0 8.9 8.8 
13.01.81 9.7 9.6 9.5 9.25 9.1 
~~" 
23.01.81 9.0 9.0 9.0 9.0 8.9 8.8 8.8 8.6 8.6 8.5 8.4 8.4 8.4 8.4 
13.02.81 9.7 9.6 9.6 9.4 9.4 9.4 9.4 9.4 9.4 9.3 
11.03.81 10.0 9.95 9.95 9.95 9.9 9.9 9.9 9.8 9.7 
18.03.81 9.6 9.7 9.4 9-3 9.2 9.2 8.9 9.0 9.0 
1.04.81 10.4 10.2 10.2 10.2 10.2 1 o. 1 10.05 9.9 9.9 
15.04.81 10.4 10.4 10.25 10.0 9.8 9.8 9.7 9.6 9.6 
29.011,81 10.5 10.6 10.7 10.6 10.5 10.5 10.4 10.4 10.4 
27.05.81' 11 .4 5 11 .5 11.2 11. 1 11.2 11 • 4 11.7 11.7 
10.06.81 11 • II 10.5 10.1 10. ~~ 10.1 9.6 9.4 9 ,II 
30.06.81 12. 1 12.1 12. 1 12. 1 12.0 12.0 11.9 
22.07.81 13.2 13.2 13.0 
3.08.81 15.2 15. 1 
3.09.81 
23.09.81 13. 1 13.0 12.8 12.6 
7.10.81 
1!, 11.81 
18.11.81 14.6 15.0 15.2 15.2 
3.12.81 9.9 9.9 9.9 9.9 10.0 10.0 9.6 8.2 
16.12.81 12.2 12.2 12.2 12. 1 12. 1 12. 1 12 .o 12.0 
14.01.82 10.6 10.5 10.2 10. 1 10.0 9.7 9.0 
26.01.82 
9.02.82 10.3 10.3 10.3 10. 1 10. 1 1 o. 1 10.0 9.9 
25.02.82 10.2 10.2 10.2 9.8 9.2 8.8 8.7 8.5 ' 8.5 
9.03.82 11.2 11 • 1 11.0 10.9 10.8 10.6 10.6 9.8 9.8 
25.03.82 10.4 10.4 10.2 10.2 10.0 10.0 10.0 10.0 tO Ill 







Appendix II-K. Bicarbonate alkalinity Cmg.1~1 of CaC03) and pH in the 
surface waters (0 - 6 m) at four Stations in Lake 




Date 1 2 3 4 1 2 j 4 
30.10.80 6.0 6.1 
12. 11.80 6.2 6.2 
26.11.80 6.1 6.2 
10.12.80 6.2 6.2 
24.12.80 6.1 6.1 6.9 6.7 
13.01.81 6.5 6.85 
23.01.81 6.8 6.8 6.8 6.8 
13.02.81 7. 1 6.8 6.8 6.8 
4.03.81 1. 1 7.1 1.2 7.0 
18.03.81 6.7 6.7 
1.04.81 7.4 6.7 
15.04.81 7.5 7.6 6.6 6.8 
29.04.81 7.2 1.2 6.7 6.7 
27.05.81 7.4 7-3 6.7 6.7 
10.06.81 6.8 7.95 6.6 6.4 
30.06. 81 7-5 6.5 
22.07.81 6.8 7. 1 6.7 6.65 
3.08.81 6.7 6.6 6.8 6.8 
3.09.81 6.7 6.75 6.7 6.6 
23.09.81 6.3 6.6 6.9 6.9 
7.10.81 6.6 6.3 6.8 6.7 
4. 11.81 6.5 5.2 7.0 6.7 
18.11.81 6.5 6.9 
3.12.81 6.8 6.8 
16.12.81 7.0 7.0 
14.01.82 7.3 7.4 6.9 6.9 
26.01.82 7.2 7.8 7.0 1.0 
9.02.82 7.5 7.4 7.1 7.1 
25.02.81 6.9 7.0 
9.03.82 7.6 7.7 7.3 7. 1 
25.03.82 7.4 7.1 
19.04.82 7.6 7.7 6.9 6.9 
10.05.82 7.4 6.8 
" . 
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Appendix II-L. Concentrations (ug.l-1) of dissolved reactive phosphorus 
(DRP), total phosphorus (TP), Ammonia- (NH4-N), Nitrate-
(N03-N), and total nitrogen (TN) and TN:TP and DIN:DRP 
ratios in the surface waters of Lake Mahinerangi, 
Station 1, 1980- 1982. (DIN, Dissolved inorganic 
nitrogen and is the sum of ~ti4-N and N03-N). 
DRP TP NH4-N N03-N TN TN:TP DIN:DRP 
30.10.80 7.7 0.0 
6.5 
12.11.80 3.8 23.5 . 0.0 
4.4 22.7 o.o 
26.11.80 3.0 24.5 0.0 
4.5 25.0 0.0 
10.12.80 3.2 25.2 1.1 
3.2 24.5 0.0 
24.12.80 4.7 16.7 1.4 
7.4 24.8 0.0 
23.01.81 2.9 16.0 0.0 
4.0 0.0 
13.02.81 3.3 16.1 4.8 0.0 1.5 
2.9 21.7 4.8 o.o 
4.03.81 9.7 25.7 4.5 0.0 0.4 
12.4 34.3 4.0 0.0 
18.03.81 5.8 16.9 o.o 0.0 0.5 
2. 1 26.5 4.0 0.0 
1.04.81 3.9 16.2 0.0 2.4 1. 8 
4.2 26.1 9.5 2.5 
15.04.81 11.2 19.0 0.0 0.0 0.0 
9.7 27.9 0.0 0.0 
29.04.81 10.4 16.1 16.2 1.5 
9.4 22. 1 13.0 0.0 
27.05.81 12.7 16.5 15.0 0.0 2. 1 
9.0 28.5 31.0 0.0 
10.06.81 7. 1 24.8 5.6 0.0 0.9 
5.5 23.8 5. 1 0.0 
30.06.81 6. 1 17. 1 o.o 0.0 0.1 
5. 1 19.8 0.0 1.3 
22.07.81 5.2 15.0 23.4 0.0 4.2 
2.9 46.7 10.7 0.0 
3.08.81 4.9 22.0 1 • 1 
4.4 21.3 0.0 
3.09.81 7.6 46.7 2.3 1.3 180 4.6 0.3 
12.7 39.8 2.0 0.0 213 
23.09.81 5.3 31.5 0.0 254 8.2 0.0 
4.4 32.3 0.0 o.o 271 
7.10.81 6.6 26.3 0.0 284 11.9 
5.2 23.6 o.o 311 
4.11.81 9.4 23.6 6.7 o.o 135 4.4 0.4 
2.9 33.7 2.2 0.0 115 
18.11.81 0.8 20.0 0.0 1.7 263 11.2 1. 7 
1 • 1 23.4 0.0 1 .6 225 
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Appendix II-L. continued ••• 
DRP TP NH4-N N03-N TN TN:TP DIN:DRP 
3.12.81 3.8 17.3 2.7 313 15.6 
5.4 226 
~' 16.12.81 4.0 18.7 14.7 3.8 286 14.8 5.7 
2.9 24.4 17.2 4.0 352 
14.01.82 2.5 16.7 14.7 
2.8 27.1 13.6 
26.01.82 2.8 26.4 12.5 8.2 249 10.3 7.6 
2.4 19.3 12. 1 6.9 221 
9.02.82 3.5 19.4 5.4 9.7 247 13.8 3.9 
3.8 18.9 5.4 7.2 282 
25.02.81 3.6 16.5 0.0 0.0 199 13.9 0.2 
6.0 14.3 1.9 0.0 228 
9.03.82 5.2 20.0 0.0 0.2 
3.3 16.1 o.o 1.6 
25.03.82 3.9 34.9 210 8.0 
0.8 11.2 o.o 161 
19.04.82 8.5 18.7 32.5 0.0 9.1 6.1 
2.5 18.0 35.0 o.o 167 
10.05.82 3-5 21.5 0.0 74 4.0 
3.5 15.7 0.0 
27.08.82 3.7 18.5 15.5 4.6 160 8.7 5.4 
20.09.82 7.4 23.7 18.3 0.0 2.5 
11 • 10.82 5.0 29. 1 
28. 10.82 6.7 28.3 7.2 189 6.7 
4.11.82 8.5 40.3 6.2 367 9.1 
12.11.82 8.0 41.4 7.9 193 4.7 
1.12.82 3.6 31.5 34.1 1.4 310 9.8 9.9 
30.12.82 2.9 26.3 31.4 0.9 211 8.0 11 • 1 
y r ·r 
Appendix II-M. Phytoplankton productivity (mgC.m-3.h-1) at Station 1, Lake Mahinerangi, 1980 - 1982. 
DEPTH (m) 26 urn mesh 
Date 0.0 0.5 1.0 2.0 3.0 4.0 6.0 Filtered 1-m 
30.10.80 1 ,113 23.75 29.48 31.87 - 13.14 1 • '71 21.211 
12. 11.80 7.75 29.91 21.74 23.78 7. 111 4. 19 0.52 15.41 
26.11.80 4.83 36.18 32.48 28.11 16.43 7.01 0.99 17.26 
10.12.80 (1) 14.63 25.17 22.88 13.96 5.99 2.52 0.33 15.16 
(2) 13.10 26.92 24.25 15.26 6.66 2.70 0.35 
24.12.80 10.06 15.87 20.83 13.86 8.91 3.07 0.33 1 1. 16 
13.01.81 14.07 24.08 20.83 11.66 4.77 1.65 0.58 18.30 
23.01.81 18.76 19.21 14.92 6.89 3.13 1. 33 0.22 9.62 
13.02.81 18.26 24.10 25.110 31 .93 11.77 3.94 0.61 1 1 .23 
4.03.81 41 .04 111.81 37.61 26.17 10.63 3,119 0.82 12.36 
18.03.81 7.60 37.87 32.70 26.83 18 ,Oil 8.113 1.28 1 1 .4 5 
1.04.81 12.22 50.35 31.65 10.37 11 .09 2.70 0.32 9.42 
15.04.81 21.90 32.9 27.87 26.70 6.90 4.05 0.80 10.77 
29.04.81 26.99 24.13 25.71 9.59 11.59 1. 76 0.30 13.06 
27.05.81 23.61 28.23 30.86 20.96 8.65 3.05 0.39 10.57 
10.06.81 32.83 26.71 21 .011 15.17 6.26 2.43 0.74 6.97 
30.06.81 31.54 39.91 31.30 19.23 7.36 2.21 0.25 10. 11 
22.07.81 11.05 10.70 12.85 10.65 3.93 2.05 0.89 7.62 
3.08.81 18.88 17.117 13. 11 6.59 1.87 0.85 0.47 7.114 
3.09.81 10.00 23.11 20.19 111.72 8.21 4.32 0,80 14,1.18 
23.09.81 lj, 50 11.93 16.31 15. 12 5.36 2.06 0.32. 10.28 
7.10.81 16.111 21.47 18.26 111.68 6.39 1. 911 0.15 12.09 
II, 11.81 18.37 22.01 19.47 9. 16 2.92 0.79 0.01 12.32 
18.11.81 (1) 7.36 22.22 23.113 18.66 11.711 3.96 0.78 16.09 
(2) 8.13 22.85 22.111 15.86 8. 111 3.06 1. 15 15.118 
3.12.81 1.59 15.11 14.28 11.12 6.49 2.18 0.37 11 • 16 
16.12.81 5.27 22.48 19.76 10.78 3.17 1.26 o. 111 14.98 
14.01.82 17.22 22.34 15.92 7.511 3.119 1.42 0.56 14.31 
26.01.82 8.34 24.06 23. 16 14.55 6. 15 3.37 0.17 
9.02.82 5.59 16.87 28.65 23.87 11 • 54 3.86 0.81 15.53 
25.02.81 8.65 32.85 32.66 28.97 15.63 5.98 0.96 10.95 
9.03.82 15.29 33.37 33.31 31.23 14.35 6.37 0.58 - '1::1 
25.03.82 2.77 32.90 33.32 30.113 16.29 7.07 0.79 9.30 Ill LQ 
19.04.82 17.30 31.41 29.2'7 21.48 12.33 5.09 0.96 6.36 (\) 
10.05.82 3.26 17. 18 23.11 21.07 12.12 5.58 0.91 5.96 N 




Appendix II-N. Mean concentrations (mg.m-3) of chlorophyll £ (Chl £) 
and phaeopigment (Pha) in the surface waters of Lake 
Mahinerangi, 1980-82. 
Station 1 Station 2 Station 3 Station 4 
Date Chl _g Pha Chl ..§ Pha Chl ..§ Pha Chl£ Ph a 
26.11.80 2.3 2. 1 
24.12.80 3.4 1.4 2.5 1.7 
13.02.81 3.9 0.7 4. 1 1.7 
4.03.81 6.7 2. 1 7.1 1.6 
18.03.81 5.1 1.2 
1.04.81 5.3 3.6 
15.04.81 3.6 7.9 5.0 3.8 
29.04.81 7. 1 5.0 4.6 10.4 
27.05.81 3.0 9.9 3.4 7.4 
10.06.81 4.6 8.4 0.8 8.4 
30.06.81 3.7 11.8 
22.07. 81 1.4 8.4 4.5 9.0 
3.08.81 1.9 11. 1 2.1 5.9 
3.09.81 3.8 10. 1 . 2.0 5.5 
4.11.81 3.3 3.6 1.1 2.3 
18.11.81 3.0 3.4 
3.12.81 2.7 2.7 
16.12.81 2.9 2.6 
14.01.82 3.5 3.1 4.5 2.7 
26.01.82 4.5 2.8 5.4 2.6 
9.02.82 4.7 3.8 6.4 1.9 
25.02.81 7.7 2.3 
9.03.82 9.4 5.0 6.5 4.9 
25.03.82 8.6 4.3 
19.04.82 9.3 2.5 7.7 1.0 
10.05.82 6.0 2.6 
~-.~-
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Appendix II-0. Mean numbers per 5 m net haul (nominally 43.3 L) of 
Crustacean Zooplankton at Station 1, Lake Mahinerangi. 
Date Boeckella DaQhnia CeriodaEhnia Bosmina CycloEoids 
hamata carinata dubia meridionalis 
30.10.80 580 0 167 110 3 
12.11.80 645 6 315 256 13 
10.12.80 1064 68 715 2786 41 
24.12.80 189 130 111 2'19 14 
13.01.81 171 29 215 168 14 
23.01.81 99 27 138 227 13 
13.02.81 169 15 116 281 15 
4.03.81 57 9 167 319 156 
18.03.81 54 2 37 176 32 
1.04.81 58 3 84 180 63 
15.04.81 120 42 506 231 128 
29.04.81 117 13 259 122 105 
27.05.81 141 100 135 95 132 
10.06.81 150 148 133 106 103 
22.07 0 81 115 13 13 7 11 
3.08.81 135 14 11 14 22 
3.09.81 282 9 12 9 26 
23.09.81 229 5 17 13 
7.10.81 313 1 27 15 120 
4.11.81 536 5 354 77 40 
18.11.81 805 12 867 186 15 
3.12.81 434 24 504 426 6 
16.12.81 465 6 152 384 4 
14.01.82 372 23 460 1357 5 
26.01.82 163 3 302 929 11 
9.02.82 58 11 185 537 57 
25.02.81 136 15 433 406 156 
9.03.82 447 17 977 757 191 
25.03.82 51 3 132 539 121 
19.04.82 100 59 201 87 116 
10.05.82 100 9 147 200 265 
( 4· T 
Appendix II-P. Water temperatures (°C) at Stations 2, 3 and 4 in Lake Mahinerangi, 1980-82. 
Date Air 0 1 2 3 4 5 6 7 8 10 11 12 13 14 16 18 20 
Station 2 
23 .01. 81 15.4 15.8 15.8 15.7 15.4 15.7 15.7 15.7 
15.04.81 11.7 11.7 11.7 11.6 11.4 11.15 
10.06.81 4.6 4.6 4.6 4.6 4.6 4.6 
3.09.81 4.7 4.7 4.7 
4.11.81 9.9 9.8 9.7 
9.02.82 15.3 15.2 15.2 15.1 
Station 3 
13.02.81 24.9 15.0 14.8 14.6 14.2 14.0 14.0 111.0 13.9 13.9 13.8 13.6 13.45 13.2 13.2 
29.04.81 11.6 11.6 11.6 11.6 11.6 11.6 11.5 11.5 11 .It 11 .11 11 • 1 11.0 
22.07.81 4.8 
23.09.81 6.0 5.8 5.7 5.6 5.6 5.6 5.6 5.6 5.6 
ilL 01.82 16.3 16.3 16.2 16.2 16.2 16.1 16. 1 15.6 15.3 15.1 
9.03.82 17. 1 
Station 4 
211.12.80 19.5 16.5 16.2 15.8 15.6 15.4 15.4 15.2 15.2 15. 1 111.9 111. 1 13.5 12.8 
IL03.81 13.5 14.7 14.7 11t .7 14.6 14.6 14.6 14.6 . 14.55 14.5 111.5 
27.05.81 7.0 7.0 6.9 6.9 6.8 6.7 6.7 6.7 
3.08.81 4.0 4.0 
7.10.81 8.7 8.7 
26.01.82 1lL2 14.2 111.2 14.2 111. 1 14. 1 








Appendix II-Q. Underwater light penetration of PAR (uEin.m-2.s-1) and Secchi Disc depth (S.D., m) at Stations 2, 3.and 4, 
Lake Mahinerangi, 1980-82. 
DEPTH (m) 
Date Air 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 S.D. 
Station 2 
23.01.81 410 235 120 69 36 25 15 7.7 4.8 3.1 1.9 1.1 
15.04.81 640 400 270 150 90 55 30 19.0 12.0 7.5 5.1 3.4 2. 1 1.4 
10.06.81 
3.09.81 1. 2 
4.11.81 370 300 170 73 33 15.5 8 4.3 2.5 1.3 0.7 
9.02.82 2300 1150 800 450 170 100 40 20.0 11.0 4.5 1.5 0.7 0.4 1 • 1 
Station 3 
13.02.81 1700 1250 870 570 330 195 130 82.0 57.0 39.0 2ll.O 17.2 7.3 5.5 3.7 2.7 
29.04.81 630 390 270 170 100 68 46 31 .o 21.0 15.0 10.0 7.3 5.0 3.5 2.5 1. 8 
22.07.81 740 1~60 320 180 102 60 1!2 26.0 16.0 10. 1 6.5 4.3 3.0 2.0 
23.09.81 640 350 190 80 15 1.9 
111.01 • 82 270 140 84 47 27 15 10 6.3 4.3 2.8 1.8 1.15 0.67 0.51 0.34 0.22 
9.03.82 
Station 4 
211.12.80 2000 1600 850 450 260 155 85 50.0 29.0 19.0 9.5 6.0 3.3 2. 1 1.2 0.7 
4.03.81 585 290 200 100 70 39 25 15.0 8.0 2.7 
27.05.81 1000 440 300 175 103 65 40 24.0 15.2 9.5 6.1 3.8 2.6 1.7 1 • 1 0.62 2.9 
3.08.81 420 250 130 55 21 10 4 1.9 0.85 0.4 0.15 0.07 
7.10.81 1300 1000 700 350 170 80 40 25 10.0 6.0 3.5 2 1 • 1 
26.01.82 71to 400 230 90 32 16 1.5 1.5 






Appendix II-R. Oxygen concentrations (mg.l-1) at Stations 2, 3 and.4, Lake Mahinerangi, 1980-82. 
DEPTH (m) 
Date 0 0.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 18 20 
Station 2 
23.01.81 9.6 9.4 9 .tl 9.6 9.4 9.3 
15.04.81 10.5 10.4 10.4 10.3 10.11 10.3 
10.06.81 12.1 12. 1 11.8 12.0 12.0 12.0 
3.09.81 
4.11.81 
9.02.82 10.1 10.2 10. 1 10.0 
Stat:lon 3 
13.02.81 9.9 9.9 9.85 9.7 9.6 9.5 9.5 9.35 9.35 9.3 8.85 8.8 8.65 8.6 
29.0!1.81 10.6 10.2 10.2 10.4 10.2 10.1 10.1 1 o. 1 10.2 10.2 10.2 10.2 
22.07.81 13.9 13.8 
23.09.81 13.8 13.5 13.2 13.2 13.2 13.1 13.2 
1ll. 01 • 82 9.7 9.8 9.8 9.7 9.7 9.8 9.8 9.6 9.3 g.o 
9.03.82 
Station 4 
211. 12.80 10.1 1 o. 1 9.9 9.8 9.8 9.8 9.7 9.6 9.5 9.6 9.5 9.4 9.1 8.9 8.4 
11.03.81 9.9 9.9 9.9 9.85 9.8 9.8 9.4 9.4 9.2 9.2 
27.05.81 1i.9 11.9 11.8 11.7 11.6 11.5 11 .2 11.2 
3.08.81 15. 1 15.0 
7.10.81 
26.0 1. 82 >t1 






Appendix II-S. Phytoplankton productivity (mg.C.m-3.h-1) at Stations 2, 3 and 4, Lake Mahinerangi, 
1980-82. 
DEPTH (m) 0.26um mesh 
Date o.o 0.5 1.0 2.0 3.0 4.0 6.0 Filtered 1-m 
Station 2 
23.01.81 18.99 18.80 15.23 1.19 2.92 1.2 0.66 11.78 
15.04.81 36.35 35.26 28.27 22.85 7.84 3.76 0.22 14.78 
10.06.81 25.41 22.85 20.75 10.72 3.72 1.39 8.53 
3.09.81 13.11 16.78 16.27 11.42 5.07 14. 11 
4.11.81 8.84 8.20 6.98 2.21 0.72 6.39 
9.02.82 11.89 24.58 37.66 24.84 10.32 3.33 0.54 24.69 
Station 3 
13.02.81 19.91 31.67 37.24 38.57 11.98 5.27 0.87 8.67 
29.04.81 33.22 25.65 18.36 12.53 4.68 1.72 0.14 9.51 
22.07.81 18. 10 11.01 17.97 14.28 5.31 0.62 0.23 7.36 
23'.09.81 9.23 14.92 16.22 14.24 6.16 1.72 0.07 8.81 
14.01.82 20.44 25.89 23.30 10.63 3.52 1.96 o.oo 4.85 
9.03.82 13.71 33.21 37.59 32.15 15.32 6.63 0.99 
Station 4 
211. 12.80 8.88 18.93 22.36 13.60 10.30 3.47 0.62 14.79 
4.03.81 38.81 44.18 ·41.116 21.81 9.31 3.79 0.88 14.07 
27.05.81 18.60 23.02 . 20.93 13.76 6.82 2.25 0.14 1.01 
3.08.81 10.86 11.67 8.95 3.23 1.24 0.15 O.Oit 6.97 
7.10.81 6.18 18.95 18.50 15.27 5.85 2.00 0.53 17.65 
26.01.82 11.00 26.31 23.09 20.60 8.96 3.58 1.40 -










Appendix III-A. Results from the routine, replicated three day batch 
culture bioassay experiments carried out on Lake 




Date Control Nitrogen Phosphorus Phosphorus 
27.05.81 21.69 17.02 20.54 29.02 
21.48 20.47 23.56 30.76 
18.42 16.40 22.73 
3.08.81 23.13 18.32 33.76 47.35 
24.33 25.69 35.40 47.63 
23.14 26.97 32.20 39.79 
14.09.81 4.58 32.51 3.95 13.89 
4.59 32.30 5.80 73.76 
4.53 36.85 5.04 66.49 
12.10.81 13.11 25.61 16.83 64.59 
13. 15 26.71 17.53 74.34 
11.49 26.95 16.81 78.98 
9.11.81 16.14 33.69 18.17 100.73 
14.44 33.15 16.84 127.53 
15.89 34.52 20.69 81.13 
23.01.81 23.13 30.62 24.46 226.20 
23.46 38.95 34.56 227.39 
22.97 35.52 21.04 240.75 
2.02.82 26.41 36.49 37.60 132. 16 
23.70 29.96 36.78 159.90 
28.07 27.98 35.56 127.98 
1 .03. 82 31.84 39.36 38. 13 159.42 
31.01 36.12 37.43 154.49 
30.66 43.90 40.12 136.02 
1.04.82 16.27 22.58 23.14 89.84 
17.70 22.85 21.01 99.23 
20.47 24.56 27.35 87.97 
3.05.82 15.45 17.33 14.81 39.12 
12.63 20.59 19.04 42.61 
13.52 18.92 17.79 34.30 
3.06.82 28.84 26.10 27.27 38.89 
22. 15 28.51 26.39 31 .88 
25.81 26.17 20.54 36.07 
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Appendiz III-B. Result.s from the routine, replicated ammonium 
enhancement bioassays ca~ied out on Lake Mahinerangi 
w4ter August 1981 - June 1982. Figures in brackets, 
mean value. All figures mgC.m-3. 
Treatment 
Date Control +Ammonium 




14.09.81 0.702 1.991 











9.11.81 2.1!6 2.23 
0.86 2.47 
0.57 2.39 
1. 77 2.29 
1.31 2.38 
(1.39) (2 .35) 












1.03.82 o. 92 0.72 
0.'!7 0.67 
0.77 0.87 
0. 91 0.69 
0.66 0.97 
(0.80) (0.78) 





( 0. 61) (1.84) 





(0.52) ( 1 .65) 
3.06.81 0.90 1.07 
1.80 0.60 
0.84 0.81 
0.67 1. 79 
0.59 2.67 
(0.96) ( 1. 39) 
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Appendic III-C. Results from the routine luxury uptake experiments 
carried out on Lake Mahinerangi water May 1981 - June 
1982. All figures ug.l-1. 
Date: 27.05.81 
Luxury Phosphorus uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 10.5 9.6 12.0 15.2 
2 9.0 
Phosphorus 1 11.3 11.7 18.6 27.3 
2 11.3 12.1 14.7 24.0 
Nitrogen + 1 11 • 1 12.2 15.3 25.8 
phosphorus 2 11 • 1 13.8 12.0 25.5 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 176 249 343 251 
2 201 
Nitrogen 1 212 140 286 292 
2 286 189 150 343 
Nitrogen + 1 236 222 210 345 
phosphorus 2 230 226 177 337 
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Appendix III-C (continued) - Luxury uptake bioassay results. (ug.l-1). 
Date: 3.08.81 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 17.2 15.5 20.5 18.0 
2 22.6 15.2 15.5 19.0 
Phosphorus 1 14.8 17.2 19.7 29.6 
2 15.9 17.2 21.0 28.3 
Nitrogen + 1 16.8 27.1 19.2 24.8 
phosphorus 2 17.2 20.4 20.0 25.8 
Lurury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 182 174 210 189 
2 232 174 161 172 
Nitrogen 1 201 180 220 218 
2 199 209 2i2 
Nitrogen + 1 151 197 168 182 
phosphorus 2 168 189 180 212 
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Appendix III-C (continued) -Luxury uptake bioassay results. (ug.l-1). 
Date: 14.09.8i 
·'-> 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 21.5 22.7 23.2 37.6 
2 23.8 21.1 22.4 26.9 
Phosphorus 23.2 25.0 30.1 35.8 
2 21.2 25.2 26.3 43.6 
Nitrogen + 1 23.8 24.3 26.2 32.7 
phosphorus 2 21.8 24.5 29.6 33.8 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 245 267 249 352 
2 255 267 348 
Nitrogen 1 257 280 307 
2 247 261 267 321 
Nitrogen + 1 251 228 315 
phosphorus 2 235 224 294 
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Appendix III-C (continued) - Luxury uptake bioassay results. (ug.l-1). 
Date: 12.10.81 
-'~ 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 9.7 10.7 10.8 16.0 
2 11.5 11.4 10.9 12.9 
Phosphorus 1 10.7 15.1 15. 1 23.6 
2 17.1 12.9 22.3 24.7 
Nitrogen + 1 12.9 15.9 21.5 24.5 
phosphorus 2 18.9 16.6 17.2 19.1 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 144 216 132 150 
2 134 171 158 
Nitrogen 1 181 173 224 231 
2 165 150 173 204 
Nitrogen + 1 200 171 2i6 198 
phosphorus 2 173 173 181 247 
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Appendix III-C (continued) - Luxury uptake bioassay results. (ug.l-1). 
Date: 9.11.81 
_:........_, 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 14.0 11.8 12.1 10.8 
2 12.5 19.2 31.6 13.5 
Phosphorus 1 15.8 17.6 18.6 24.8 
2 13.4 15. 1 19.1 24.9 
Nitrogen + 1 14.3 21.9 18.7 26.2 
phosphorus 2 13.1 14.2 28.4 33.2 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 195 165 208 169 
2 204 191 200 
Nitrogen 1 220 216 191 313 
2 245 267 280 
Nitrogen + 1 245 368 214 352 
phosphorus 2 243 222 200 356 
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Appendix III-C (continued) -Luxury uptake bioassay results. (ug.l-1). 
Date: 23.12.81 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 16.9 17.2 16.1 15.5 
2 17.4 16.6 20.7 
Phosphorus 1 15.7 22.2 30.7 48.0 
2 15.7 26.3 26.7 30.3 
Nitrogen + 1 14.7 21.4 27.4 35.3 
phosphorus 2 13.7 24.6 25.9 37.1 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 211 264 288 199 
2 203 229 274 296 
Nitrogen 1 197 233 211 284 
2 227 209 314 
Nitrogen + 1 201 367 300 322 
phosphorus 2 278 215 235 308 
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Appendix III-C (continued) -Luxury uptake bioassay results. (ug.l-1). 
Date: 2.02.82 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 17.6 19. 1 15.6 17. 1 
2 15.7 17.5 21.3 17.0 
Phosphorus 1 18.1 24.0 33.7 37.4 
2 16.8 25.7 26.4 43.0 
Nitrogen + 1 19.7 19.7 26.5 40.7 
phosphorus 2 18.3 22.5 26.2 36.8 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 275 273 255 277 
2 242 275 244 236 
Nitrogen 1 273 230 257 324 
2 244 253 257 259 
Nitrogen + 1 248 267 244 285 
phosphorus 2 249 287 210 267 
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Appendix III-C (continued) -Luxury uptake bioassay results. (ug.l-1). 
Date: 1.03.82 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 17.9 15.6 16. 1 14.5 
2 23.5 16.1 15.8 17.6 
Phosphorus 1 19.2 20.0 22.4 33.1 
2 15.6 18.0 22.1 33.3 
Nitrogen + 1 16.2 21.2 25.6 30.7 
phosphorus 2 17.7 20.5 27.0 32.1 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 204 212 227 225 
2 268 220 220 
Nitrogen 1 195 262 250 258 
2 237 196 275 235 
Nitrogen + 1 237 252 237 246 
phosphorus 2 204 268 277 275 
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Appendix III-C (continued) - Luxury uptake bioassay results. (ug.l-1). 
Date: 1.04. 82 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 14.8 14.4 19.8 16.6 
2 13.2 14.0 10.2 13.3 
Phosphorus 11 • 8 21.2 33.1 48.7 
2 14.3 25.2 26.8 53.9 
Nitrogen + 1 12.2 20.8 29.6 43.2 
phosphorus 2 14.6 28.8 34.7 48.7 
Date: 3.05.82 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 9.0 10.5 10.9 15.5 
2 12. 1 6.8 10. 1 16.5 
Phosphorus 1 8.6 15.3 25.4 34.0 
2 6.7 11.8 20.8 29.7 
Nitrogen + 1 5.9 11.7 19.7 24.8 
phosphorus 2 6.7 11.6 22.8 32.9 
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Appendix III-C (continued) -Luxury uptake bioassay results. (ug.l-1). 
Date: 3.06.82 
Luxury Phosphorus Uptake 
Time (hours) 
Treatment Sample 0 2 r 24 0 
Control 1 23.8 23.3 19.4 16.5 
2 21 .6 16.5 17.0 20.6 
Phosphorus 1 23.2 27.7 26.1 33.5 
2 18.9 20.5 23.4 37.7 
Nitrogen + 1 21.4 21.9 25.2 27.9 
phosphorus 2 19.3 19.3 27.6 28.7 
Luxury Nitrogen Uptake 
Time (hours) 
Treatment Sample 0 2 6 24 
Control 1 220 344 270 307 
2 252 232 345 237 
Nitrogen 1 239 336 
2 299 442 292 245 
Nitrogen + 1 177 201 186 230 
phosphorus 2 245 336 387 197 
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Appendix III-D. Data from enclosure experiment 1, December 1982. 
Appendix III-D.1. Prefertilization (Day 0) nutrient and chlorophyll g 
(Chl g) concentrations in artificial enclosures, 
Experiment 1, in Lake Mahinerangi, December 1982. 
All units ug.l-1. 
Enclosure DRP TP NH4-N N03-N TN Chl §. 
C1 0.1 14.2 4.3 0.4 182 5.1 
C2 0.0 14.0 8.5 1.9 145 4.3 
C3 0.3 14.0 2. 1 1.5 261 4.5 
N1 2.0 17.3 10.6 0.9 198 4.3 
N2 2.2 19.6 24.1 0.6 187 4.0 
N3 2. 1 19.2 22.6 0.0 162 4.3 
P1 o.o 15.3 19.2 o.o 207 4.8 
P2 0.6 12.9 8.5 1.2 182 4.8 
P3 0.1 15.1 10.6 1.0 152 5.6 
NP1 0.6 19.3 0.7 236 4.3 
NP2 0.1 12.5 10.6 o.o 172 4.5 
NP3 0.0 15.2 6.4 1.8 179 5. 'I 
,_, 
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Appendix III-D.2. Nutrient and chlorophyll g (Chl g) concentrations in 
duplicate samples taken on Day 1 from artificial 
enclosures, Experiment 1, Lake Mahinerangi, December 
1982. All units ug.l-1. 
Enclosure Sample DRP TP NH4-N N03-N TN Chl g 
C1 1 3.9 20.2 26.6 1.3 280 5.1 
2 2. 1 27.4 23.1 0.7 174 5.1 
C2 1 2.5 20.0 21.6 0.5 231 5.1 
2 0.8 21.0 12.8 1.2 162 3.7 
C3 1 4.5 21.3 25.6 0.0 191 5.3 
2 0.0 27.7 11.9 1.2 137 4.8 
N1 1 3.2 21.7 66.7 1.3 283 4.8 
2 2.7 30.3 69.7 1 .4 330 6.4 
N2 1 3.4 20.7 59.2 0.9 337 4.3 
2 2.4 19.5 58.7 1.0 278 4.0 
N3 1 2.3 24.4 72.3 335 3.5 
2 2. 1 18.5 67.7 0.2 332 4.8 
P1 1 8.2 29.6 5.1 1.1 216 5.1 
2 5.8 32.5 11 • 1 1 • 1 201 5. 1 
P2 1 9.9 33.3 6.8 1 • 3 226 4.8 
2 7.0 35. 1 11 • 1 1.4 156 6.4 
P3 1 1 o. 1 35.9 15.3 1.0 190 6.4 
2 7.1 34.1 8.5 3.7 
NP1 1 9.3 41.3 69.7 1.3 333 5.3 
2 8.8 39.4 68.9 1.0 339 4.8 
NP2 1 8.8 40.0 67.2 1.3 344 4.5 
2 10.0 34.7 61.2 1.2 232 3.7 
NP3 1 5.5 34.5 61.2 1.0 265 5.9 
2 12.6 31.7 55.3 1.3 243 4.3 
'~ 
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Appendix III-D.3. Prefertilization (Day 0) and postfertilization 
(Day 1) 14C uptake (colli~ts per minute, CPM) in 
duplicate samples from artificial enclosures, 
Experiment 1, Lake Mahinerangi, December 1982. 
Day 0 Day 1 
Enclosure Sample Counts (CPM) Counts (CPM) 
C1 23803.5 19818.5 
2 24636 26540 
C2 1 22286.5 
2 22361 21694 
C3 1 24841 .5 21065 
2 25657.5 21048 
N1 1 23"112 26015 
2 26756 
N2 1 22063 24836.5 
2 21465.5 25115.5 
N3 1 24915.5 22186.5 
2 23184 25489.5 
P1 27241 22332.5 
2 31846.5 22941 
P2 1 23550 22730 
2 25627.5 23634.5 
P3 1 23134.5 23584.5 
2 23789.5 23455 
NP1 24670 28691.5 
2 25005 28298.5 
NP2 1 22524.5 28464 
2 20598 27201.5 
NP3 1 26153.5 29777 
2 21815.5 29064 
'~ 
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Appendix III-D.4. Dark ammonium enhancement 14C uptake (counts per 
minute, CPM) in samples taken on Day 1 from 
enclosures, Experiment 1, Lake Mahinerangi, December 
1982. 
Enclosures Control Experimental 
(CPM) (CPM) 
C1 373.6 459.5 
C2 245.4 435.2 
C3 305.3 443.1 
N1 214.3 229.8 
N2 270.5 215.0 
N3 210.9 212.8 
P1 353.7 497.4 
P2 241.2 503.6 
P3 396.6 592.5 
NP1 181.7 210. 1 
NP2 226.3 253.5 
NP3 218.9 221.8 
Appendix III-D.5. Results of 14C uptake (counts per minute, CPM) after 
3-Day batch culture bioassay on water taken from 
Lake Mahinerangi on Day 0 of artificial enclosure 
experiment 1, December 1982. 
Treatment 
Samples Control Nitrogen Phosphorus Nitrogen+Phosphorus 
(CPM) (CPM) (CPM) (CPM) 
a 8878 16319 8212 35750 
b 9366.5 15656.5 9605.5 35862 
2 a 9392.5 11570 9315 40519 
b 8532 12070 9340 41988.5 
3 a 8054.5 12163 12876 38078.5 
b 7496.5 14359 11957 35744 
,. 
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Appendix III-E. Data from enclosure experiment 2, April 1983. 
Appendix III-E.1. Total phosphorus and total nitrogen concentrations 
in duplicate samples taken on Day 3 from artificial 
enclosures, Experiment 2, Lake Mahinerangi, April 
1983. Figures in brackets, mean value. All units 
ug.l-1. 
Enclosure Sample TP TN 
C1 15.5 171 
2 15.2 465 
C2 1 27.3 320 
2 38.0 174 
C3 1 31 .2 500 
2 30.3 135 
(24.6) (294) 
N1 1 14.2 359 
2 12. 1 277 
N2 1 29.6 235 
2 25.8 248 
(20. 4) (280) 
Pl 1 17.3 217 
2 14.7 148 
P2 1 16.5 407 
2 435 
(16.1) (302) 
NP1 1 12.4 186 
2 13.2 399 
NP2 1 22.4 
2 18.0 127 
(16.5) (237) 
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Appendix III-E.2. Dark ammonium enhancement 14C uptake (counts per 
minute, CPM) in samples taken on Day 4 from 
.enclosures, Experiment 2, Lake Mahinerangi, April 
1983. 
Enclosures Control Experimental 
Sample (CPM) (CPM) 
C1 1 486.8 474.4 
2 283.5 563.0 
3 298.5 522.0 
N1 1 325.2 499.4 
2 211.7 564.7 
3 225.9 530.0 
NP2 1 305.4 744.8 
2 343.1 667.0 
3 302.7 596.9 
Appendix III-E.3. Dark ammonium enhancement 14C uptake (counts per 
minute, CPM) in samples taken on Day 6 from 
enclosures, Experiment 2, Lake Mahinerangi, April 
1983. 
Enclosures Control Experimental 
Sample (CPM) (CPM) 
C1 1 251.7 537.9 
2 284.1 436.6 
3 221.5 478.7 
N1 1 185.8 267.9 
2 209.2 221.6 
3 200.6 210~5 
NP2 1 334.6 301.6 
2 237.5 273.5 
3 314.3 278.7 
r'," 
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Appendix III-E.4. Postfertilization (Day 6) 14C uptake (counts per 
minute, CPM) in replicate samples from artificial 
enclosures, Experiment 2, Lake Mahinerangi, April 
1983. 
Day 1 
Enclosure Sample Counts (CPM) 


















Appendix III-E.5. Results of 14C uptake (counts per minute, CPM) after 
3-Day batch culture bioassay on water taken from 
Lake Mahinerangi on Day 0 of artificial enclosure 
experiment 2, April 1983. 
Treatment 
Samples Control Nitrogen Phosphorus Nitrogen+Phosphorus 
(CPM) (CPM) (CPM) (CPM) 
1 20363 22382.5 15991.5 37036.5 
2 15955 27166 19026 37410.5 
3 19397 14141 18645.5 35955.5 
·( 
Appendix IV-A. Discharges recorded in the major tributaries to Lake Mahinerangi. (m3.sec-1) 
Date Waipori Stony Nardoo Lammerlaw Northwest Post Office 
16.02.82 - 0.086 0.444 - 0.031 0.072 
15.03.82 0.903 0.157 0.058 0.136 0.024 0.090 
16.04.82 0.800 0.117 0.061 0.160 0.051 0.130 
26.04.82 0,.608 0.091 0.067 0.134 0.030 0.093 
21 .05. 82 3.023 0.475 - 0.400 o. 168 
22.07.82 - - 0.157 0.385 0.196 0.377 
29.07.82 1.314 0.231 0.135 
12.08;82 2.777 0.758 0.214 0.875 - 0.369 
27.08.82 - - 0.193 - 0.163 0.252 
13.09.82 3.813 0.621 . 0.275 0.709 0.201 0.408 
27.09.82 2.855 ~ O,IW5 0.202 0.461 0.138 0.216 
19. 10.82 2.562 0.439 0.226 0.613 0.210 0.316 
12.11.82 2.858 0.316 0.162 
20.12.82 2.281 0.321 o. 166 0.424 o. 178 0.247 
6.01.83 1.799 0.248 o. 142 0.311 0,099 o. 178 
Annual·water yield 
(m3.km-2.yr x 106) 0.728 0.803 0.559 0.672 0.424 0.357 

























Appendix IV-B. Nitrogen and phosphorus concentrations recorded in the 
streams entering I~e Mahinerangi, 1980 - 1983. All 
concentrations, ug.l-1. 
Waipori River 
DATE DRP TP NH4-N N02-N N03-N TN 
18.11.80 8.5 15.7 
2.12.80 9.3 17.5 
19.12.80 6.3 9.5 0.0 0.0 
14.01.81 6.3 15.0 0.0 0.0 
29.01.81 4.3 13.7 0.0 0.0 
4.03.81 7.7 12.8 4.5 1.3 1 .2 
18.03.81 1. 9 7.3 0.0 1.7 0.0 
1.04.81 6.9 14.9 8.5 1.4 3.2 
15.04.81 9.4 10.6 0.0 1.0 2. 1 
29.04.81 6.3 13.5 8.4 1. 6 0.0 
14.06.81 6.6 20.1 3.8 2.0 o.o 
30.07.81 30.4 40.3 6.3 0.0 1. 8 224 
3.09.81 4.4 25.7 1.0 o.o o.o 180 
23.09.81 7.6 13.1 0.0 0.0 o.o 204 
4. 11.81 2.3 13.3 2.2 0.0 o.o 139 
17.11.81 0.9 18.2 0.0 2.1 2.4 133 
7.12.81 3.1 35.0 2.1 1 • 1 4.8 520 
18.12.81 5.0 14.6 0.0 1.5 0.0 437 
20.01.82 2.6 11.2 0.0 2.4 o.o 144 
26.01.82 4.9 91.0 26.2 3.3 o.o 880 
9.02.82 3.8 14.4 2.5 1 • 1 4.0 139 
25.02.82 1.4 7.5 2.8 0.0 o.o 176 
15.03.82 3.2 9.6 0.0 1.0 85 
16.04.82 o.o 10.3 0.0 1.5 81 
26.04.82 o.o o.o 2.8 73 
21.05.82 0.0 13.5 o.o 3.4 56 
29.07.82 20.5 31.3 1.4 8.2 28 





Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. (ug.l-1) 
Stony Creek 
DATE DRP TP NH4-N N02-N N03-N TN 
8.11.80 3.8 9.9 
2.12.80 3.5 9.7 1.6 0.0 
19.12.80 3.2 11 • 0 0.0 0.0 
7.01.81 4.5 9.8 0.0 0.0 
29.01.81 5.1 10.7 7.3 1.1 
9.03.81 12.7 31.6 16.5 2.0 o.o 
23.03.81 2.4 14.7 25.5 1.1 1.9 
6.04.81 1.6 6.6 0.0 0.0 3.2 
22.04.81 7.6 10.3 14.8 1.5 1.9 
6.05.81 9.5 22.0 19.4 1.2 0.0 
15.05.81 4.2 12.9 1.3 o.o 
2.06.81 6.0 9.5 3.8 2.4 o.o 
14.06.81 70.6 73.6 4.0 o.o 0.0 
24.06. 81 4.2 8.4 0.0 o.o 0.0 
30.07.81 10.7 18.1 2.4 0.0 1.1 284 
9.09.81 4.6 12.5 1.4 0.0 0.0 155 
28.09.81 4.2 12.2 0.0 0.0 106 
12.10.81 5.1 16.0 14.0 0.0 1.3 141 
9.11.81 0.0 1.3 o.o 56 
24.11.81 8.5 8.5 2.2 0.0 1.5 203 
18.12.81 2.9 12.7 1.4 1.6 0.0 273 
23.12.81 2.9 43.1 0.0 1 • 1 o.o 41 
20.01.82 2.0 7-3 5.3 2.3 0.0 97 
2.02.82 1.4 6.7 0.0 o.o 2.7 182 
16.02.82 4.0 8.3 8.0 1.4 1.6 143 
1.03.82 6.2 11.8 1 • 1 0.0 1.8 
5.03.82 2.0 6.4 0.0 0.0 90 
1.04.82 0.0 8.2 5. 1 0.0 1.8 210 
16.04.82 0.0 5.5 1.0 1.6 59 
26.04.82 1.7 4.8 0.0 1.6 1.3 84 
21.05.82 0.0 o.o 45 
3.06.82 3.5 6.8 0.0 1.8 
29.07.82 3.6 7.6 0.0 24.4 32 
12.08.82 1.6 3.6 0.0 2.2 o.o 71 
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Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 




DATE DISCHARGE DRP TP NHI!-N N02-N N03-N TN 
(m3.sec-1) 
·~ 
18. 11.80 2.7 16.0 o.o 1.3 
2.12.80 11!.2 18.0 0.0 0.0 
19.12.80 8.0 12.5 0.0 o.o 
7.01.81 5.5 11.5 0.0 1.5 
29.01.81 5.5 27.7 0.0 1.5 
9.03.81 34.4 36.6 16.5 2.4 2.5 
23.03.81 16.2 17.3 6.0 0.0 1.8 
6.04.81 6.9 21.8 5.0 1.4 3.7 
22.04.81 11. 1 11.2 0.0 o.o o.o 
6.05.81 7.0 25.0 26.1 0.0 2.1 
15.05.81 4.6 25.2 1.4 1.0 
2.06.81 9.4 23.0 6.7 1.2 3.6 
14.06.81 3.4 26.5 13.0 0.0 2.4 
24.06.81 7.1 15.6 10.0 o.o o.o 
30.07.81 6.2 25.0 5.6 0.0 o.o 450 
9.09.81 7.3 23.3 7.1 0.0 0.0 279 
28.09.81 6.4 12.2 0.0 1.4 85 
12.10.81 9.5 27.5 12.6 o.o 0.0 134 
9.11.81 6.1 22.8 0.0 1. 1 3.8 30 
24.11.81 5.4 22.4 6.6 1.2 0.0 245 
18.12.81 0.184 10.8 19.7 3.9 1.1 0.0 319 
23.12.81 0.138 5.9 21.1 2.1 1.3 1.5 116 
14.01.82 o. 141 4.0 20.9 2.4 o.o 2.9 209 
20.01.82 0. 129 3.5 11.2 0.0 2.6 0.0 171 
2.02.82 0.162 6.0 16.7 0.0 0.0 1.9 186 
9.02.82 0. 110 5.5 14.8 2.9 1.6 0.0 562 
16.02.82 0. 101 7.8 10.2 5-5 o.o 1.3 187 
25.02.82 0.094 5-7 15.1 0.0 0.0 3. 1 135 
1.03.82 o. 127 11.3 18.7 6.0 0.0 5.5 4 
9.03.82 0.102 0.0 12.2 1. 1 1. 2 
15.03.82 0.109 5.1 11.3 o.o 1.6 56 
1.04.82 0.165 2.3 18.8 5.4 0.0 3.3 202 
16.04.82 0.118 16.6 14.7 0.0 ·2.6 41 
19.04.82 0. 114 o.o 15. 1 13.0 0.0 1.4 57 
26.04.82 0.102 11.5 11.2 0.0 1.6 1.3 44 
3.05.82 0.107 2.7 9.1 9.3 1.2 2.4 37 
10.05.82 0.104 5-7 11.8 15.0 0.0 3.0 170 
21.05.82 o. 155 1.5 20.5 o.o 2.8 288 
27.05.82 0.432 5.7 18.2 7.9 1. 1 3.2 132 
r- 3.06.82 0.124 4.1 13.0 1. 1 1 o. 1 59 
11.06.82 0.148 4.8 12.7 o.o 4.8 107 
24.06.82 0.207 253.3 381.5 24.5 0.0 12.7 292 
1.07.82 0.126 24.3 38.3 1.4 7.7 35 
22.07.82 o. 148 23.1 43.1 0.0 1.5 7-3 
29.07.82 0.147 15.9 29.4 o.o 4.2 24 
5.08.82 0.221 3.7 35.1 1 • 3 2.8 42 
12.08.82 0.205 8.7 27.0 o.o 1.2 2.2 10 
27.08.82 0.179 0.4 51.9 o.o 2.5 0.0 54 
13.09.82 0.213 5.8 4.0 0.0 179 
20.09.82 0.231 0.5 13.2 19.1 2.6 9.4 348 
27.09.82 0.236 1.8 20.6 5.0 2.9 o.o 137 
4.10.82 0.185 o.o 16.0 9.1 3.8 10.2 115 
11.10.82 o. 166 5.0 2.7 0.0 93 
28.10.82 0.314 13.3 29.4 1.0 18.7 
4. 11.82 0.188 15.9 21.5 1.6 0.0 
12.11.82 0.162 7.0 23.4 2.7 o.o 
25.11.82 0.148 5. 1 18.4 5. 1 0.0 
1.12.82 o. 155 1.2 1 • 1 
17.12.82 0.164 4. 1 19.4 1.0 1.7 
30.12.82 0.368 4.8 15.6 1.5 1.0 




Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. (ug.l-1) 
Lammerlaw Stream 
DATE DRP TP NH4-N N02-N N03-N TN 
18.11.80 22.5 o.o 1.9 
2. 12.80 7.7 23.5 0.0 3.5 
19.12.80 7.0 17 .o 2.0 0.0 
14.01.81 8.2 18.8 o.o 0.0 
29.01.81 5.1 25.2 0.0 4.5 
4.03.81 28.8 37.6 6.0 1.5 2.7 
18.03.81 7.3 19.5 0.0 1.5 3.8 
1.04.81 3.5 11.4 5.5 0.0 6.5 
15.04.81 5.8 19.0 0.0 2.5 2.6 
29.04.81 11.2 20.0 0.0 1.8 4.4 
27.05.81 7.5 18.5 33.0 1.7 1.2 
10.06.81 6.5 17.6 9.8 1 • 6 1.1 
30.07.81 4.4 119.2 74.8 3.5 1.7 471 
3.09.81 6.0 35.7 24.5 0.0 o.o 257 
23.09.81 17.5 41.9 37.5 1.1 0.0 347 
4. 11.81 7.6 26.1 4.9 1.6 0.0 115 
17.11.81 29.0 0.0 2. 1 1.1 163 
7.12.81 5.0 22.0 8.9 1.1 1.5 201 
18.12.81 8.0 28.5 0.0 o.o 0.0 408 
14.01.82 4.8 28.4 3.1 1.6 3.0 311 
26.01.82 12.8 68.8 21.9 4.3 15.1 610 
9.02.82 2.7 9.7 4.2 2.0 2.2 87 
25.02.82 6.2 20.5 4.7 0.0 3.5 126 
15.03.82 0.0 3.3 52 
16.04.82 5.0 13.8 0.0 4.1 69 
26.04.82 5.2 13.8 1.0 1.2 3. 1 48 
21.05.82 1.3 15.2 1. 2 7.7 101 
22.07. 82 6.8 17.2 '7. 9 2.5 58.2 132 





Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. (ug.I-1) 
Northwest Creek 
DATE DRP TP NH4-N N02-N N03-N TN 
18.11.80 18.5 69.0 10.5 8.6 
2.12.80 18.2 52.0 1.3 
29.12.80 16.3 1.4 3.9 
7.01.81' 13.5 225.0 0.0 10.4 
9.02.81 9.3 80.0 o.o 0.0 0.0 
9.03.81 36.8 113.0 54.0 3.0 10.5 
23.03.81 11.8 58.7 1 ., .5 2.2 10 •. , 
6.04.81 17.6 80.3 13.0 4.2 10.3 
22.04.81 14.8 65.7 10.0 2.2 27.0 
6.05.81 15.1 66.3 28.0 1.6 13.0 
15.05.81 10.9 83.3 1. 2 13.7 
2.06.81 22.0 86.4 19.4 3.0 1.2 
14.06.81 32.3 84.1 26.5 2.7 46.3 
24.06.81 16.8 44.3 20.3 2.4 0.0 
8.07.81 11.5 58.6 5.1 2.3 23.1 
30.07.81 77-7 157.6 21.7 2.0 40.3 427 
26.08.81 25.5 94.7 9.5 o.o 8.5 296 
14.09.81 37.8 88.2 2.8 1 • 1 12.4 435 
28.09.81 19.5 70.2 1.1 1.4 268 
9.11.81 18.9 83.8 4.9 2.5 3.2 305 
24.11.81 72.2 230.0 37.9 2. 1 13.1 1156 
7.12.81 11.6 105.5 5.1 1.4 8.3 383 
23.12.81 11.3 88.0 7.7 2. 1 9.8 501 
20.01.82 11 • 2 86.9 4.1 2.1 3. 1 404 
2.02.82 14.2 53.6 9.0 2.8 0.0 545 
16.02.82 11.0 67. 1 7.6 0.0 1 .2 763 
1.03.82 41.2 90.3 12.3 2. 1 14.9 423 
15.03.82 10.0 42.5 2.1 0.0 140 
1.04.82 18.3 79.4 5. 1 2.9 o.o 358 
6.04.82 10.7 43.8 1 . 1 3.0 108 
26.04.82 8.4 40. 1 o.o o.o 4.5 213 
21 .05. 82 13.8 41.1 0.0 6.7 329 
11.06.82 12.4 43.7 1.7 23.0 107 
22.07. 82 16.4 30.0 7. 1 3.0 54.0 218 
29.07.82 66.9 90.8 1.9 107.0 171 




Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. ( ug .1-1) 
Post Office Creek 
DATE DRP TP NH4-N N02-N N03-N TN 
18.11.80 7-7 19.5 
19.12.80 26.5 36.0 o.o 1.1 
23.03.81 5.6 16.5 36.5 1.0 0.0 
6.04.81 7.4 14.9 4.0 3. 1 2. 1 
22.04.81 5.1 14.5 0.0 o.o 1.9 
6.05.81 6.7 0.0 1.1 
2.06.81 16.0 47.6 15.3 1.5 o.o 
24.06.81 8.7 14.2 8.0 o.o 0.0 
8.07.81 11.6 26.3 o.o 2.4 7-3 
30.07.81 20.3 24.2 4. 9 - o.o 1.3 232 
26.08.81 15.8 45.3 6.1 0.0 1.2 249 
14.09.81 9.5 32.7 4.0 1.2 0.0 375 
12.10.81 11 • 0 26.0 1.6 0.0 0.0 257 
27. 10.81 13.2 30.3 o.o 2.4 3.8 219 
9.11.81 10.5 34.9 -4.4 1 • 1 0.0 68 
18.12.81 11.3 43.6 o.o 1.9 3.9 474 
23.12.81 6.1 21.9 4.6 0.0 4.3 294 
26.01.82 17.6 49.4 15.6 4. 1 29.7 748 
2.02.82 8.0 24.3 4.1 1.1 4.9 313 
16.02.82 12.2 18.4 15.0 0.0 6.6 222 
1.03.82 15.7 28.0 16.0 1.1 3. 1 
15.03.82 5.1 14.6 o.o 2. 1 38 
1.04.82 9.9 34.9 7-7 1.4 5.1 346 
16.04.82 8.2 17.4 0.0 2.8 89 
26.04.82 5.6 16.3 0.0 0.0 3.2 81 
3.06.82 7.6 18.3 1.3 6.0 25 




Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. (ug.l-1) 
Pioneer Stream 
DATE DRP TP NH4-N N02-N N03-N TN 
18.11.80 2.7 22.6 0.0 1 • 1 
2.12.80 10.0 26.7 o.o o.o 
19.12.80 20.4 20.4 1.1 o.o 
7.01.81 2.6 17.5 o.o 1.2 
29.01.81 9.5 26.8 o.o 0.0 .;.. 
9.03.81 15.4 52.5 16.0 3.2 5.6 
23.03.81 3.7 8.5 16.0 2. 1 1.5 
6.04.81 1.8 21.8 8.0 3.1 1.2 
22.04.81 14.9 25.2 7.6 0.0 1.3 
6.05.81 6.5 24.5 26.1 1.4 3.5 
15.05.81 7-3 41.1 1. 8 4.0 
2.06.81 7.6 25.5 23.5 3.5 o.o 
14.06.81 8.0 32.6 14.0 1.8 0.0 
24.06.81 6.7 19.1 14.3 1.9 5.7 
8.07.81 5.7 25.4 6.8 2.3 0.0 
30.07.81 4.3 20.9 8.3 0.0 o.o 209 
26.08.81 o.o 35.7 13.3 0.0 0.0 282 
9.09.81 4.4 65.7 15.0 2.2 o.o 319 
12.10.81 4.7 22.8 5.8 0.0 0.0 302 
9.11.81 5.9 60.7 4.0 1.9 1.0 287 
24.11.81 3.3 54.7 17.5 1.4 0.0 472 
7.12.81 2.2 14.0 8.4 1.9 0.0 630 
23.12.81 3.4 265.2 0.0 1.6 o.o 398 
26.01.82 1.9 17.6 2.3 1.8 2.6 299 
2.02.82 8.8 65.5 13.6 2.6 2.2 620 
16.02.82 1.4 22.9 7.6 o.o 1.6 267 
1.03.82 4.2 31.8 9.7 1.8 2.8 139 
1.04.82 10. 1 36.8 6.7 2. 1 4. 1 280 
16.04.82 2.2 12.0 0.0 6.5 129 
26.04.82 3.0 1 • 1 2.5 56 
21 .05. 82 3.3 5.3 270 
22.07.82 1. 8 1.9 5.8 44 
12.08.82 3.9 19.4 0.0 3.2 3. 1 106 






Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. (ug.l-1) 
A1 
DATE DRP TP l>l114-N N02-N N03-N TN 
21.11.80 6.2 82.5 2.6 o.o 
2.12.80 10.2 94.0 o.o 0.0 
29.12.80 4.0 17.5 0.0 0.0 
7.01.81 8.2 840.0 o.o 0.0 
9.02.81 5.7 168.0 0.0 o.o 1.3 
9.03.81 18.3 27.5 19.5 2.4 2. 1 
23.03.81 9.3 39.2 37.5 1.2 0.0 
6.04.81 8.8 63.2 5.0 2.0 77.5 
22~04.81 9.9 31 .6 3.2 0.0 2.9 
6.05.81 10.4 19.1 27.8 o.o 0.0 
15.05.81 13.2 159.0 0.0 2.7 
2.06.81 25.4 450.0 49.9 2.1 0.0 
14.06.81 17.3 66.6 15.0 0.0 1.0 
24.06.81 15.5 44.0 5.3 1.0 0.0 
8.07.81 14.5 54.6 0.0 1.5 2.6 
30.07.81 66.1 632. 1 95.6 1.6 23.2 1212 
26.08.81 22.2 474.0 55.6 o.o 14.5 1052 
14.09.81 19.9 31.6 19.4 1.6 0.0 468 
28.09.81 11 • 5 81.8 1.4 0.0 1040 
12.10.81 18.7 68.5 45.3 o.o 0.0 1626 
9.11.81 8.3 198.0 80.5 2.6 o.o 894 
24.11.81 6.1 449.0 17.5 1.0 2.3 1144 
7.12.81 4.4 38.3 8.9 0.0 0.0 501 
23.12.81 4.9 98.1 2.8 0.0 0.0 455 
20.01.82 2.9 36.6 0.0 1. 8 0.0 390 
2.02.82 5.4 45.7 2. 1 0.0 1 • 6 292 
16.02.82 7.0 57.1 5.1 o.o o.o 344 
1.03.82 33.5 65.3 4. 1 1.6 1 • 6 257 
15.03.82 6.2 46.8 o.o 0.0 119 
1.04.82 29.4 48.8 2.6 o.o 1.5 159 
16.04.82 7.4 19.2 2. 1 0.0 164 
3.05. 82 6.5 23.3 13. 1 0.0 1.7 49 
11.06.82 0.0 5.6 139 





Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. (ug.l-1) 
A2 
DATE DRP TP NH4-N N02-N N03-N TN 
21.11.80 6.8 18.4 0.0 1.9 
2.12.80 11.2 103.0 o.o 2.7 
29.12.80 6.0 45.0 0.0 1.4 
7.01.81 5.7 10.7 0.0 o.o 
9.02.81 6.3 70.0 0.0 1.3 0.0 
9.03.81 13.9 132.5 28.0 2.8 0.0 
23.03.81 3.7 66.5 19.5 3.0 0.0 
6.04.81 6.9 155.0 33.0 16.2 0.0 
22.04.81 10.7 44.0 15.4 0.0 5.7 
6.05.81 14.0 41.0 15.4 0.0 10.7 
15.05.81 13.1 149.0 1.7 3.2 
2.06.81 52.8 630.0 91.3 5.3 5.4 
14.06.81 22.8 149.1 15.5 0.0 24.3 
24.06.81 14.6 142.5 16.6 0.0 9.6 
8.07.81 19. 1 . 104.7 10.5 2.3 21.3 
30.07.81 175.5 879.5 55.3 6.8 13.7 1340 
26.08.81 22.2 235.6 13.3 0.0 28.5 495 
14.09.81 42.5 160.9 12.3 1.7 19. 1 773 
28.09.81 13.5 187.4 1.1 16.5 1413 
12.10.81 19.3 230.9 22.3 0.0 5. '7 1214 
9.11.81 10.4 162.6 21.2 1.8 o.o 520 
24.11.81 38.9 810.0 78.6 4.6 82.8 3936 
7.12.81 8.2 109.2 83. 1 2. 1 31.1 1137 
23.12.81 4. 1 13.9 14.0 6.8 28.4 152 
20.01.82 7-5 61 .2 7.5 2. 1 24.0 557 
2.02.82 89.0 162.9 10.3 1.1 26.0 727 
16.02.82 10.9 51.8 29.4 o.o 5.5 491 
1.03.82 82.3 125.0 137.6 0.0 17. 'I 305 
15.03.82 8.3 45.8 1.1 8.5 350 
1.04.82 7.3 90.6 20.4 2.4 11 • 5 373 
16.04.82 5.9 47.8 0.0 22.3 148 
3.05.82 17.5 118.4 2r{ o 3 3.5 29.3 142 
11.06.82 8.6 39.2 1.4 272.3 103 







Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Hahit1erangi. ( ug .1-1) 
F1 
DATE DRP TP NH4-N N02-N N03-N TN 
23.03.81 5.3 25.1 29.0 4.5 96.7 
6.04.81 12.6 66.8 20.0 5.7 0.0 
22.04.81 18.6 54.5 17.2 2.6 120.2 
8.07.81 15.2 60.0 17.3 4.4 126.1 
30.07 ~81 14.6 52.5 36.5 2.7 139.0 895 
26.08.81 8.0 55.7 21.3 1.0 186.0 680 
14.09.81 19.3 61.3 9.3 2.1 290.0 829 
28.09.81 15.7 56.3 0.0 57.2 528 
12.10.81 11.2 37.9 26.1 1 • 1 123.2 750 
27. 10.81 18.2 33.2 1.5 3.4 90.7 605 
9.11.81 9.0 54.2 18.1 2.5 234.5 754 
24.11.81 14.6 44.6 16.6 2.6 0.0 561 
18.12.81 24.8 60.7 17.9 2.0 127.9 682 
23. 12.81 15.6 55.3 11.2 2.9 119.4 522 
2.01.82 12.2 46.3 19.5 2.8 98.3 381 
2.02.82 19.7 35.7 18.9 1.8 120.0 771 
16.02.82 10.3 42.8 23.0 0.0 99.4 344 
1.03.82 33.6 98.6 21.3 1.2 102.0 671 
15. 03.82 11.9 33.8 0.0 102.0 292 
1 .04. 82 29.4 65.0 13. 1 2.4 98.0 515 
16.04.82 11.5 38.1 3.1 0.0 180 
3.05. 82 8.0 29. 1 19.7 3. 1 114.0 170 
27.05.82 1 0 5 28.9 19.0 2. 1 123.0 329 
3. 06.82 20.8 45.4 1.4 170.0 269 
24.06.82 27.2 468.5 90.5 1.3 161.0 965 






Appendix IV-B (continued) - Nitrogen and phosphorus concentrations in 
Streams entering Lake Mahinerangi. (ug.l-1) 
F2 
DATE DRP TP NH4-N N02-N N03-N TN 
8.07.81 10.1 54.5 0.0 3.1 23.7 
30.07.81 9-7 21.4 6.3 2.9 30.9 400 
26.08.81 8.7 47.3 13.3 3.8 112.2 481 
9.09.81 13.7 48.6 5.2 1.9 131. 1 588 
28.09.81 7.5 34.8 1.9 17.9 461 
12.10.81 9.7 43.2 5.8 1.7 76.5 258 
27.10.81 8.8 69.4 0.0 3. 1 75.5 581 
9.11.81 9.9 41.7 11.5 2.6 79.3 281 
24.11.81 5.4 64.8 16.2 1.9 0.0 468 
18.12.81 10.3 46.2 7.0 1.9 77.6 808 
23.12.81 7.2 50.6 15.4 2. 1 92.5 413 
20.01.82 6.3 17 .o 11.3 2.4 55.8 303 
2.02.82 62.9 551.2 125.8 1.8 317.4 3384 
16.02.82 7.7 26.6 20.5 1.3 69.8 332 
1.03.82 22.7 51.8 21.6 1.0 76.4 344 
15.03.82 1.5 20.5 o.o 78.6 179 
1.04.82 9.2 30.8 12.1 3. 1 60. 1 354 
16.04.82 8.8 43.0 1 • 1 76.0 237 
3.05.82 4. 1 19.0 18.6 3.2 93.6 96 
27.05.82 12.4 40.3 16.6 1.4 85.7 324 
3.06.82 7.8 27.2 2.0 164.4 202 
24 .06. 82 35. 1 501.8 107.5 1.8 44.4 1128 
29.07.82 8.3 25.0 2.4 328.8 464 
Loudon Stream 
DATE DRP TP NH4-N N02-N N03-N TN 
16.02.82 4.2 16.0 6.7 2.4 8.4 261 
1.03.82 8.9 22. 1 4.8 1.5 2.5 128 
15.03.82 3.5 11 • 2 1.1 0.0 44 
1.04.82 11.4 21 • 1 2.9 o.o 2.2 146 
16.0!1.82 1 • 1 14.4 2.3 2.3 99 
26.04.82 4. 1 12.0 0.0 1.4 3. 1 25 
21.05.82 o.o 14.8 0.0 3.3 91 
3.06.82 2.7 14.3 1.0 11.3 61 
22.07.82 5.8 22. 1 0.0 1.7 1~. 3 19 




Appendix IV-C. Stage height and measured discharge data for Nardoo 
Stream 
Date Stage Discharge 
(m) (m3. sec-1) 
5.02.82 0.388 0. 112 
16.02.82 0.367 0.056 
15.03.82 0.374 0.041 
16.04.82 0.381 0.133 
26.04.82 0.368 0.065 
5.05.82 0.369 0.096 
1.06.82 0.391 o. 151 
29.06.82 0.395 0.139 
22.07. 82 0.405 0.122 
29.07.82 0.404 0.158 
12.08.82 0.444 0.208 
27.08.82 0.427 0.162 
13.09.82 0.499 0.284 
27.09.82 0.463 0.177 
19.10.82 0.437 0.190 
12.11.82 0.·415 0.160 
20.12.82 0.419 0.145 
60.18.3 0.409 0.184 
Regression equation: 
2 
Discharge= 10(6.25- 92.81 STAGE HEIGHT+ 281.5 STAGE HEIGHT ) 
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Appendix V-A: Nitrogen and phosphorus concentrations 
in rainwater samples from Lake Mahinerangi 
!'·- October - December 1982. (mg.m-3). 
A.. 
Sample DRP TP NH4-N N03-N TN 
1 66.2 99.4 24.9 
2 20.4 57.4 17.3 462 
3 110 15.6 175 
4 16.3 160 
5 11.5 65.8 134 26.1 581 
6 29.5 62.9 179 
7 14.5 31.9 111 14.7 593 ,, 
N 5 5 4 6 5 
MEAN 28.4 63.4 134 19.2 394 
S.D. 22.2 24.0 32 5.0 213 
Appendix V-B: Phosphorus and nitrogen concentrations measured in 
samples taken from the outflow of Lake Mahinerangi 
during 1982. ( ug .1-1) 
DATE DRP TP NH4-N N02-N N03-N TN 
16.02.82 4.2 16.0 6.7 2.4 8.4 261 
1.03.82 7.4 17.9 5.6 1.9 1.8 178 
15.03.82 4.1 16.2 Nil 3.6 275 
1.04.82 11.2 16.8 6.1 Nil Nil 210 
16.04.82 1.9 13.8 1.0 1.3 168 
27.05.82 Nil 12.8 11 • 1 Nil Nil 
3.06.82 3.3 17.6 Nil 2.6 52 
22.07. 82 4.4 21.7 Nil 2.2 5.0 
27.08.82 3.4 18.9 Nil 2.2 Nil 64 
20.09.82 2.3 18.4 Nil 2.3 Nil 234 
11.10.82 6.8 23.8 10.8 3.3 7.9 191 
28. 10.82 7.5 22.7 1.9 2. 1 
12.11.82 3.6 31.2 2.9 Nil 
25.11.82 1.7 24.5 3.2 Nil 
1.12.82 38.9 59.9 1.1 1. 2 
30.12.82 1.6 19.7 1 • 1 2.4 
,, 
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Appendix V-C Changes in agricultural land development in the main catchments and 
in land use in the marginal areas surrounding Lake Mahinerangi, 
1965 - 1982. 
Area 1965 1969 1975 1976 1977 1981 1982 
Main tributaries (% catchment developed) 
Waipori Nil Nil 4 4 4 18 18 
Nardoo Nil Nil Nil Nil Nil 40 40 
Lammerlaw Nil Nil 30 30 30 59 59 
Northwest Nil 44 100 100 100 100 100 
Post Office Nil 10 11 11 11 50 50 
Pioneer Nil Nil 10 19 29 66 66 
Lake Margin (km2) 
Forest 23 23 20.2 19.5 19.5 18.6 18.6 
Clearfelled Nil Nil 2.8 3.5 3.5 4.4 4.4 
Ploughed 2.2 2.6 5 5 6 2ll.6 25.6 
Oversown/Topdressed Nil Nil 8.9 8.9 B.9 44.8 44.8 
Undeveloped 73.4 73 61.7 61.7 60.1 6.2 5.2 
Total catchment 
developed (%) 0.1 3.3 13.5 14.2 14.9 35.0 35.3 








Appendix V-D : Hydrological input and output data (m3.yr-1 x 106) and calculated hydraulic parameters in 
Lake Mahinerangi, 1965 - 1982. V = lake volume calculated as an average of volumes at 
the beginning and end of each year; A = lake area treated as a constant of 16.2 lan2. 
1965 1969 1975 1976 1977 1981 July81-June82 1982 
Outflow (Q) 1ll4.0 224.7 156.9 190.4 278.6 241.6 210.6 186.0 
Change in Volume 92.6 -31.9 3.9 -6.7 -22.0 -39.8 -11 .4 47.3 
Evaporation 6.5 7.2 7.0 6.7 7-3 8.9 9.0 9.3 
Precipitation 18.7 16.9 16.5 16.8 18.2 15.8 16.6 19.5 
Surface inflow 225.3 183.1 151 • 4 173.6 245.7 194.9 191.5 223.1 
Total inflow (Qi) 244.0 200.0 167.9 190.4 263.9 210.7 208.1 2112.6 
Hydraulic residence 1.02 0.80 1.40 1.18 0.78 0.77 0.70 1.01 
time (Tw = V/Q, yr-1) 
Hydraulic loading 15.06 12.35 10.36 11.76 15. 16 13.01 12.85 14.97 
rate (qs = Qi/A, m.yr-1) 
Flushing Coefficient 0.98 1. 25 o. 72 0.85 1. 29 1.30 1.43 0.99 









Appendix V-E Future land development in the Lake Mahinerangi 
Catchment 
·Future nutrient loads to Lake Mahinerangi were calculated from the 
projected changes in land-use anticipated by the major developer, the 
Lands and Survey Department (Mr A Don, Field Officer, Lands and Survey 
Dept., pers. comm.) and by the major runholder in the Post Office 
Creek catchment (Mr J R Reid, Verterburn property, pers. comm.). 
Projected changes and assumptions made were: 
1. For the main catchments, development of undeveloped tussock 
grassland will be extended in the Waipori catchment (up to the 
910 m contour) and also in the Pioneer and Post Office catchments. 
2. For the marginal region, areas of undeveloped and oversown and 
topdressed grassland developed by the Lands and Survey Department 
will be converted to ploughed pasture. 
3. Clear felling of forested areas is expected to proceed at the 
present rate (M. Hetherington, Dunedin City Council Forestry 
Department, pers. comm.). 
4. Further planting of forest areas within the catchment is 
anticipated, particularly in the Waipori catchment. In this 
analysis, these areas were assumed to have similar nitrogen and 
phosphorus exports to undeveloped tussock regions. 
Appendix V-E continued overleaf. 
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Appendix V-E (continued) 
Projected land development in the Lake Mahinerangi catchment: 
Area Future 





Post Office 73 
Pioneer 77 










Appendix V-F Hydrological input and output data (m3.yr-1 x 106) and 
hydraulic parameters for two theoretical annual periods, 
with and without the Deep Stream diversion, based on the 
assumptions outlined in Section of the text. 
Without-diversion With-diversion 
Outflow (Q) 209.0 249.0 
Change in Volume Nil Nil 
Evaporation 7.5 7.5 
Precipitation 16.5 16.5 
Surface inflow 200.0 200.0 
Total inflow (Qi) 216.5 256.5 
Hydraulic residence 0.96 0.80 
time (Tw = Vol/Q) 
Hydraulic loading 13.36 15.83 
rate {qs = Qi/A) 
Flushing Coefficient 1.04 1 .25 
(p = 1/Tw) 
